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INTRODUCTION 
It has been an accepted idea for some time that a lake 
is a dynamic ecosystem, made up of innumerable changing 
physical, chemical and biological quantities, each one inter­
dependent upon several others so that change in any one is 
reflected in either direct or indirect, profound or subtle, 
changes in others. This concept was outlined as early as 
1887 by Stephen A, Forbes (Forbes, 1925). Elton (1927) pop­
ularized the idea of biological food chains in various envi­
ronments ; that is, the idea that the organisms within an eco­
system may be grouped into a series of more or less discrete 
trophic levels as producers, primary consumers, secondary 
consumers, and so on, each successively dependent upon the 
preceding level as a source of energy (in the main), with 
the producers directly dependent upon the rate of incident 
solar radiation as a source of energy. Lindemann (194-2) was 
the first to broadly quantify the dynamic concept of the 
food chain when he attempted to determine the energy trans­
fer from one trophic level to the next. He stated that the 
more remote an organism is from the initial source of energy 
(solar radiation), the less probable that it will be depen­
dent solely upon the preceding trophic level as a source of 
energy, and that the transfer of energy from one level to 
the succeeding level is more efficient higher in the food 
chain. 
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The research possibilities laid out by such a concept 
are indeed stimulating and intriguing. Instead of simply 
compiling long lists of species or chemical compounds in var­
ious lakes, the limnologiet or aquatic biologist is called 
upon to investigate interactions and to work with countless 
relationships. He realizes that he is operating within a 
dynamic rather than a static framework. Welch (1935) states 
that the unifying concept of the whole field of limnology is 
biological productivity. The fields of physics, geology, 
chemistry, taxonomy, meteorology, etc. can cover their re­
spective parts of the whole ecosystem, but it is the biolog­
ical productivity of that ecosystem that integrates the var­
ious disciplines, that is seen as the final expression of 
all the possible interactions of the other quantities. 
As a basic knowledge of the population dynamics of the 
lower trophic levels appears to be prerequisite to an under­
standing of some of the perhaps more complex interrelation­
ships at higher levels, research was undertaken at Clear 
Lake in north-central Iowa to clarify the dynamics of both 
phytoplankton and zooplankton populations in the lake, and 
to discover the interrelationships between the two. Season­
al abundance and fluctuations, and factors affecting horizon­
tal and vertical distribution are considered with regard to 
both phytoplankton and zooplankton populations. Relation­
ships between phytoplankton standing crop and productivity 
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are evaluated. Finally, relationships between the phyto­
plankton and the zooplankton populations are investigated, 
and controlled ingestion and assimilation experiments are 
discussed with regard to their applicability to natural sit­
uations . 
It is realized that it is a bit unrealistic to consider 
just the lower trophic levels when the dynamic concept de­
mands inclusion of all trophic levels to get a well-rounded 
insight into the integrated whole. As Forbes (1925) so 
aptly puts it: 
"If one wishes to become acquainted with the 
black bass, for example, he will learn but little if 
he limits himself to that species. He must evidently 
study also the species upon which it depends for its 
existence, and the various conditions upon which 
these depend. He must likewise study the species 
with which it comes in competition, and the entire 
system cf conditions affecting their prosperity; and 
by the time he has studied all these sufficiently he 
will find that he has run through the whole compli­
cated mechanism of the aquatic life of the locality, 
both animal and vegetable, of which this species 
forms but a single element." 
A detailed study of the lake ecosystem from basic nutrients 
to the black bass would of necessity span quite a number of 
years, and it is therefore the lot of the individual re­
searcher to adequately fill in individual elements of the 
whole as accurately as possible, never losing sight of the 
fact that he is working in a dynamic ecosystem. With this • 
in mind, it was considered justifiable to limit this study 
to some aspects of phytoplankton and zooplankton populations. 
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This study was initiated in February, 1959, and repre­
sents field collections from 1958 through the spring of 1961. 
Most phytoplankton samples were collected in the period June-
September of each year, while most zooplankton samples were 
taken from June to September, I960. All 1958 data were 
taken from Small (1959)» and the 1959 and I960 data on phy­
toplankton seasonal abundance represent a continuation of 
the 1958 work. 
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DESCRIPTION OP THE STUDY AREA 
Clear Lake (Pig. 1) is located in Cerro Gordo County, 
north=centrai Iowa. It is approximately 4.8 miles in 
length, along an east-west axis, about 2 miles in width at 
its widest point in the east end, and was about 3,640 acres 
in surface area in 1951 (Pearcy, 1953)• The maximum depth 
in the main body of the lake was 15 feet in August, 1958 
(Small, 1959) at Station 4. At approximately the same loca­
tions , the depths were slightly over 13 feet in August, 
1959, and 14.5 feet in June, I960. The bottom materials 
near shore consisted mainly of fine sand, which graded into 
organic mud toward the deeper parts of the east end. Nine 
sampling stations were established in this part of the lake. 
The west end is approximately one-ninth the surface 
area of the east end, much shallower, and much more pro­
tected from the wind. A maximum depth of 3.5 feet was re­
corded in August, 1958, about 3 feet in August, 1959, and 
3.5 feet in June, I960. The bottom was thick organic mud. 
Rooted vegetation was abundant in the west end (Potamogeton 
spp.). Three sampling stations were located in this segment 
of the lake in 1959 and I960, in view of the apparent heter­
ogeneous makeup of the phytoplankton population discovered 
by Small (1959) in the summer of 1958. 
Clear Lake drains a watershed only about twice its 
size; thus, little water input (except in the spring), plus 
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a large surface area in relation to depth (indicating much 
evaporation potential), probably accounts for the fact that 
during the years of study spring water levels declined quite 
noticeably to much lower levels in late summer. These water 
level drops were especially noticeable along the gradually-
sloping shorelines. 
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PHYTOPLANKTON 
Materials and Methods 
Collection of samples from the lake 
Nine east end stations, specifically picked to include 
both sheltered and non-sheltered, littoral and limnetic 
areas, were sampled on the average of twice per week during 
a period extending from June to September in 1959 and I960 
(Pig. 1). Samples were taken at Station 1, only, in October 
and November, 1959, April, May, September, October, and No­
vember, I960, and April and May, 1961, to follow seasonal 
abundances and fluctuations. Duplicate surface samples were 
taken, by submerging two-quart wide-mouth bottles just below 
the lake surface and allowing them to fill. The sampling 
was done in a systematically random manner as follows: in a 
nine-day sequence, a different east end station was sampled 
first each day, followed in order by the other eight. The 
station sampled first each day of the sequence was selected 
randomly, and once selected, was considered non-replaceable 
so that each of the nine stations would be sampled first on 
one day out of each nine-day sequence. At the conclusion of 
a nine-day sequence, the schedule was repeated. By this 
sampling scheme, any factors changing with time of day 
should have been effectively equalized over the nine sampling 
stations, and a better spread of light and temperature 
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Fig. 1. Outline map of Clear Lake, Iowa, showing the nine stations 
in the main body (east end) of the lake and three stations 
in the west end used for collecting phytoplankton and zoo­
plankton samples in 1958, 1959, and I960 
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conditions obtained. It should be noted that no nine-day 
sequence was ever completed in nine consecutive days, nor 
was there a constant lapse of time between each sampling 
date in a sequence. One nine-day sequence was completed in 
25 days in 1959, for example (June 26 through July 21) and 
another in I960 was completed in 49 days (June 6 through 
July 25), or almost twice the amount of time. The greatest 
lapse of time between sampling dates was fifteen days (June 
13 to June 28, I960). Inclement weather and other unsafe 
conditions on the lake were the predominant factors neces­
sitating the flexibility of the sampling. 
Samples were taken at one meter intervals to the bottom 
at all stations on June 28, July 18, and August 22, I960, to 
check vertical distribution. A three-liter Kemmerer sampler 
was used. 
Small (1959) has shown that the relatively small, shal­
low west end of Clear Lake has a standing crop approximately 
double that of the larger east end and thus may be consid­
ered an ecologically distinct body of water. Weber (I960) 
corroborated this conclusion when he found that the optical 
density of raw water (unextracted, and therefore actually a 
measure of total turbidity) and ash-free weights of seston 
were twice as great in the west end as in the main body of 
the lake. The productivity (grams carbon/m^/day) was not 
greatly different from the main body of the lake, however. 
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Because of the apparent distinction of the west end from the 
main body, collections were made and analyzed separately 
from east end collections. In 1959» seven collecting trips 
were made to the west end, and duplicate surface, mid-depth, 
and bottom samples were taken between one and one-half and 
two feet below the surface, depending upon which of the 
three stations was being sampled. In I960, thirteen col­
lecting trips were made, and samples taken exactly as in 
1959 • Collection was accomplished with the two-quart bot­
tles and Kemmerer sampler, as in the main body of the lake. 
Analysis of standing crop from samples 
The 1958 standing crop evaluations were made using the 
quick chlorophyll extraction technique described by Small 
(1961), but the 1959 and I960 samples were prepared by ex­
tracting the chlorophyll for about 18 hours in the dark. 
The latter system was more convenient for this study. Most 
samples were collected in the morning, centrifuged immedi­
ately, and made up to volume with acetone to initiate the 
extraction process (Small, 1961). These sample concentrates 
were then placed in absolute darkness and allowed to extract 
the remainder of the day and overnight. Other collections, 
recording, and laboratory work could be done while the ex­
traction was taking place. Early the following morning the 
extracted samples were removed from the dark and read in the 
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spectrophotometer, as described by Small (1961). This took 
only a very short time, and consequently left the rest of 
the day for another collection trip or for other laboratory 
work (enumeration of zooplankton, chemical analyses, etc.). 
Comparability of quick extractions with longer extractions 
in Clear lake has been shown (Small, 1961), and it was thus 
assumed that the 1958, 1959, and I960 chlorophyll-based 
standing crop data were comparable. Samples from the east 
end and west end were handled identically with regard to ex­
traction procedure. 
Small (1961) concluded that optical density readings on 
the extracted chlorophyll could be converted to "units of 
count," providing the species composition remained fairly 
constant. Weber (i960) reports a situation where the unit 
method of estimating standing crop was not very satisfactory 
at Clear lake. A distinct spring maximum (ash-free weight 
of seston) was observed toward the end of June, 1959, but a 
corresponding peak in "units of count" did not occur at this 
time, according to Weber. My 1959 data show that a high 
population was indeed present on June 29 (by chlorophyll ex­
traction), but unfortunately no counts were made on this 
date. Correlation between total chlorophyll and the optical 
density of raw lake water was low (r = 0.185) while the cor­
relation between ash-free weight of seston and optical den­
sity of raw lake water over the same period of time was a 
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high 0.928 (Weber, I960). By analogy it would appear that 
total chlorophyll and ash-free weight were relatively uncor-
related, which would indicate either that the chlorophyll 
fractions of unit volumes of phytoplankton biomass were 
quite variable (in which case chlorophyll may not be a good 
estimate of standing crop) or that much of the seston was 
not of a chlorophyllous nature (thus, not phytoplankton, 
mainly). Ash-free weight is an expression of total organic 
matter present, including zooplankton and other sources of 
organic matter as well as phytoplankton. If most of the or­
ganic matter was anything besides phytoplankton, there would 
be actually little basis for comparison of "units of count," 
based on chlorophyll quantities, to ash-free weights. The 
fact that the comparison of these two standing crop measure­
ments was made during a phytoplankton maximum as discerned 
by chlorophyll extraction, however, would tend to support 
the fact that the "unit" method as heretofore used is weak, 
except possibly when used with regard to very homogeneous 
populations. 
A basic drawback in the use of phytoplankton units as a 
measure of standing crop is the subjectivity with which the 
number of cells or colonies to equal one unit of count is 
assigned. Tucker (194-9) and Small (1961) used cell size as 
the criterion of chlorophyll quantity per cell, which was 
admittedly inexact. A method to more rigorously standardize 
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the unit of count is suggested whereby quantity of chloro­
phyll per cell is calculated from chlorophyll-based and 
volume-based productivity rates of pure cultures of repre­
sentative species, and number of cells to equal one unit is 
then assigned according to the relative quantity of chloro­
phyll per cell in each of these species. This was attempted 
using data from Weber (I960), and the results are shown in 
Table 1. 
One Pediastrum boryanum colony was assigned one unit of 
count, simply because it had the largest volume. The num­
bers of cells to equal one unit in the other four species 
were calculated in relation to Pediastrum. The previous 
unit method of Tucker and Small allowed one unit to be 
counted for each 100 microns of Anabaena cells (with 
A. spiroides 100 microns are approximately equivalent to 
fifteen cells). Table 1 indicates that eight strands of 
fifteen cells each, or eight times the amount given by the 
previous unit method, is needed to equal one unit of count. 
Likewise, four times the number of cells of Staurastrum 
counted by the previous method are required to equal one 
unit by the above method (four cells as opposed to one), if 
Staurastrum gracile is used as the species upon which the 
calculations are based. No Nitzechia was listed by Small 
(1961), but two species are included in Table 1 to show that 
there can be species difference with regard to numbers of 
Table 1. Number of cells to equal one unit of count for five representative 
phytoplankton species, calculated from chlorophyll-based and volume-
based productivity rates 
Species 
Mg.C/hr/ Mg.C/hr/ 
Individual mg.chloro. mm3 cell 
cell vol. "a" volume 
- , Cells to 
Mm-' cell equal 
vol./mg. Mg.chloro. one unit 
chloro.Ma" "a'Vcell of count 
Pediastrum _ 
boryanom 11,200xl0~y 3.41 0.0205 166.830 67.1xl0~9 (colony) 
Staurastrum 
gracile" l,050xl0~9 1.79 0.0290 61.724 17.0xl0~9 4 cells 
Nitzsohia 
palea 
Nitzschia 
nommnrii a 
1,020x10 -9 
750x10 -9 
1.94 
1.05 
0.00933 207.931 4.91xl0~9 14 cells 
0.0102 102.941 7.29xl0~9 9 cells 
Anabaena 
-9 spiroides 7,870x10 3 2.40 0.00474 506.329 
_q 800 
15.0x10 * microns 
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cells equalling one unit of count, even though the species 
are superficially quite similar. 
Ideally, each species present in a lake should be 
treated similarly to the species in Sable 1, to get precise 
unit measurements. However, even a determination of the 
most prevalent species in the lake would be a great asset in 
the evaluation of standing crop by the "unit" method. This 
new method gains support from the fact that the cell number 
to equal a unit of count is based on physiological mechan­
isms within the cells themselves, not on something so arbi­
trary as size. Seemingly, a direct comparison of cell vol­
ume per unit volume of culture and quantity of chlorophyll 
Ma" per unit volume of culture would give identical results 
to the method used. The only reason this more direct method 
was not used on the species in Table 1 was that the required 
data were not available. It should be pointed out that even 
with the suggested refinement, differences in the activity of 
the chlorophyll at various stages of growth might interfere 
with exact equivalence of the units of count. 
Analysis of factors affecting seasonal abundance 
Surface and depth temperatures were accurately measured 
by a Whitney resistor thermometer on all collecting trips in 
1959 and through the July 5 trip in I960 (Appendix A). On 
trips after July 5, surface temperatures only were measured 
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with a mercury-fculb thermometer, because the resistor ther­
mometer was being repaired. 
Measurements of surface illumination were made with a 
Whitney photometer (Appendix B). These measurements were 
only relative, and thus were converted for some parts of the 
study into foot-candles (using the regression equation of -
Weber, I960). Strickland (1958) states that for colored 
light the use of foot-candles is practically meaningless, 
and therefore langleys per minute should be used. This lat­
ter measure takes the energy manifestations of the various 
wavelengths in the spectrum into consideration. Illumina­
tion was not measured in langleys per minute in this study, 
however, and it was felt that conversion from foot-candles 
to langleys per minute would not be of any advantage, except 
for use in the formula to estimate productivity rates from 
chlorophyll and light data. The formula used specifies 
light be recorded as ly/min. Since the conversion from 
foot-candles to langleys was by a simple conversion factor 
(1 foot-candle = 6.5 x 10""-* ly/min), whereas the relation­
ship varies with wavelength, the use in the formula is sub­
ject to some variability. 
It was assumed that light and temperature were the two 
principal factors controlling seasonal fluctuations of phy­
toplankton in Clear Lake, though nutrient levels in the sum­
mer might be an important factor. Measurements of nutrient 
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levels and water chemistry analyses are scant. Dissolved 
oxygen determinations were at first accomplished by the un­
modified Winkler method, but toward the end of the study 
(beginning August 22, I960) these were made through the use 
of coiorimetric procedures outlined in the Engineer's Port­
able Water laboratory instruction pamphlet (Each Chemical 
Company, Ames, Iowa). Total alkalinity was analyzed by 
standard titration methods at first, but later was analyzed 
by microtitration according to the Portable Water laboratory 
technique. Determination of pH was done through use of the 
laMotte visual comparison scheme, and later by coiorimetric 
methods. 
Relative turbidity measurements were calculated from 
surface and submarine illumination values obtained from the 
Whitney underwater photometer (Appendix 0). Some Secchi 
disc readings were taken, but these were not considered very 
accurate except on very calm days when there was relatively 
little surface wave action. 
Analysis of factors affecting horizontal and vertical 
distribution 
Wind data were taken from the records of the Mason City, 
Iowa airport (approximately five miles from the lake). 
These included velocity and direction every three hours of 
each day between and including the dates June 15 to August 
6, 1959 and June 1 to August 31, I960. To supplement these 
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data, wind velocity and direction were estimated at each 
station on the lake on each collecting trip; these estimates 
helped to interpret the influence of the stress and direc­
tion of the prevailing winds on the phytoplankton popula­
tions at each station. 
Wind stress vector resultants were calculated from the 
airport data and compared to the standing crops of phyto­
plankton on each collection date at the various stations, to 
see if the wind was moving the plankton around the lake or 
simply mixing it from top to bottom throughout the lake. 
The wind stress in the lake was first computed for each day, 
using the equation of Ayers et al. (1958) for low wind veloc­
ities: 
t = 1.1 (1CT6) W2 
where : 
t = wind stress in gm/cm/sec2 
W = wind velocity in cm/sec. 
Some of the stress probably goes into the production of 
waves rather than current, but no measure of this was made. 
Assuming that wind stress in a lake decays in current-pro-
ducing effect at a logarithmic rate, and that any stress 
more than ten days prior to any collection date is inconse­
quential in creating currents (and hence shifting phyto­
plankton), a second equation of Ayers et al. (1958) can be 
used to yield total effective stress in the lake at the time 
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of sampling. This equation can be expressed mathematically 
as: 
tT = + V-6®'11 + t3e-695(2) 
+ + 
where : 
t$ = total effective wind stress on day of collection 
tp tg, tj, etc. = wind stress on any one day. 
Thus, the stress for the collection day was given the value 
zero (because the collections were made in the morning and 
the wind had not had a chance to "work" on the lake a com­
plete day), the stress of the day prior to the collection 
day was given full value, two days prior stress was given 
one-half value, three days prior, one-fourth, and so on 
until 1/512 of the tenth day's stress had been computed. 
The sum of these ten components yielded total effective wind 
stress present in the lake on the collection day. 
Total wind stress values were then corrected for wind 
direction. Each of the ten components of the total stress 
in the lake on any one day generally was associated with a 
prevailing wind direction (in cases where the wind was con­
tinually shifting direction throughout the day, or days, 
results of stress vector computations were not as represent­
ative of the "true" wind picture as in cases of more uni­
directional blow). Stress vector resultants for each 
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collection day were computed in the following manner: first, 
the values of each of the ten stress components making up 
the total effective stress were plotted from a point of ori­
gin toward the direction of blow. Thus, the stress of the 
day prior to collection day might be plotted along the 5HW 
axis if the blow was from the SSE, and so on until all ten 
components were plotted along their respective axes. Then 
nine of the stress vector plots were adjusted to the axis of 
the stress vector of greatest magnitude (usually the one 
representing the day prior to the collection day, as it was 
given full value in the logarithmic series). This adjust­
ment was accomplished in each of the nine cases by either 
adding to or subtracting from the selected stress vector the 
amount representing the difference between the origin and a 
point along the selected stress vector axis determined by a 
line segment cutting the axis at that point (Pig. 2). The 
line segment to cut the axis was, in each case, a segment 
originating at the plotted value of the stress vector to be 
adjusted, extending parallel to the axis that is perpendic­
ular to the selected stress vector axis, and eventually cut­
ting the selected stress vector axis. If the segment cut 
the axis at a point below the origin, the amount between the 
origin and this point was subtracted from the selected 
stress vector. If the segment cut the axis at a point above 
the origin, the amount between the origin and this point was 
21 
N 
. 2. Wind stress-direction wheel, for obtaining adjusted 
stress vectors. An example is plotted, showing di­
rectional stress of the day prior to collection day 
(heavy arrow), and the nine other values (light ar­
rows) to be adjusted to the value of the day prior. 
The dashed line indicates the adjustment of one of 
these values, and the segment from the origin to 
point a indicates the amount of stress (about .180) 
to be added to the value of the day prior. 
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added to the selected stress vector. After all nine addi­
tions to and/or subtractions from the selected stress vector, 
the adjusted value was simply read off and called the "ad­
justed stress vector." 
In cases where the stress of two days prior to the col­
lection day was very great (so that even after "decay" to 
half value it approximated the stress of the day prior to 
collection day), two adjusted stress vectors were calculated, 
one along the axis of the stress vector of the day prior 
(adjusting nine values), and the other along the axis of the 
stress vector of two days prior (adjusting eight values). 
Then a ratio of one of these values to the other was ob­
tained and a new resultant adjusted stress vector was cal­
culated. For example, if the adjusted stress vector of the 
day prior was .600 gm/cm/sec^ toward due east and the ad­
justed stress vector of two days prior was .600 gm/cm/sec^ 
due north, the resultant adjusted stress vector would be 
.600 gm/cm/sec^ toward NE. The ratio here was 1:1, meaning 
that both values presumably contributed equally to direc­
tional "push". The resultant has the same stress, but a 
direction halfway between the directions of the two compo­
nents making it up. If the adjusted stress vector of two 
days prior would have been .300 gm/cm/sec^ toward due north, 
the resultant would have been .450 gm/cm/eec^ toward ENE. 
The ratio was 1:2, so that the resultant adjusted stress 
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vector had one and one-half times the effect of the two days 
prior adjusted stress vector and three-fourths the effect of 
the day prior vector. 
If stresses of the day prior and two days prior were 
unidirectional, no second adjustment of values was necessary, 
of course. On no occasion was it thought necessary to cal­
culate adjusted stress vectors for more than two days prior 
to a collection date, to, obtain a resultant. 
Ekman (1902) has shown that wind will direct currents 
45° to the right of its direction of blow. Thus, a wind 
blowing due north would move water in a HE direction. Con­
sequently, 45° was applied to the right of each resultant 
adjusted stress vector, and this was assumed to be the di­
rectional effect of the prevailing wind on the moving of 
phytoplankton around the lake. 
Realizing that the morphometric characteristics of the 
lake would have some modifying effect on the prevailing wind, 
the velocity and direction data collected at each station on 
each collection trip were compared with the prevailing wind 
characteristics of each collection day. In this way a know­
ledge of what happens to the wind at each station under any 
prevailing wind condition was gained. A wind from the SE, 
for example, moves mid-lake water into Station 1 (Pig. 1), 
but does not have much effect on the water at Station 2 be­
cause of a protected shoreline (a slight 1ŒE drift is 
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observed, probably due to water moving out of Station 3 
along the eastern shoreline). Station 3 is semi-protected 
from the SE wind, but still contributes water to mid-lake, 
perhaps as far as Station 4 (depending upon duration of blow 
from the SE, a function of the adjusted stress vector). 
Station 4 water moves toward Stations 1 and 5. Station 6 is 
relatively unaffected by a SE wind, as it is essentially 
protected on three sides. However, there is a slight drift 
northward and then HW as it becomes influenced by the WNW 
wind "bending" around the Island. Station 7 water moves in 
a NW direction into Station 8. Station 9 is relatively pro­
tected from the SE, but water tends to move slightly in a 
northerly direction. 
Wind effect was thus evaluated by a scheme that took 
into account speed, duration of blow, directional stability, 
and morphometry of the lake basin. 
Seasonal Abundances and Fluctuations 
Ho general seasonal pattern was evident in the standing 
crops, as determined by chlorophyll extraction (Figs. 3 and 
4). The striking difference was among the years. With the 
exception of several bloom-caused peaks, the 1959 crops were, 
on the average, about double those of I960. 1958 Crops were 
in the same general range as the I960 crops, though perhaps 
slightly lower. Analysis of the variance, computed from 
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Fig. 3. Seasonal abundance and fluctuations of phytoplankton (chlorophyll) 
from June 1958 to May 1961, in the main body of Clear Lake, lovra. 
Bach point from June through August represents the mean of nine 
stations, while each point in the other months represents only one 
collection at Station 1. 
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Fig. 4. Seasonal abundance and fluctuations of phytoplankton (chlorophyll) 
from June 1958 to May 1961, in the west end of Clear Lake, Iowa. Each 
point from June through August represents the mean of three stations, 
while each point in the other months represents only one collection. 
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means of June, July, and August of the three years, indi­
cated highly significant differences among the years 
(Table 2). 
Table 2. Analysis of variance of means of June, July, and 
August of 1958, 1959, and I960, in the main body 
of Clear Lake, Iowa 
Source of variation D.F. S.S. M.S. 
Tears 
Months 
Error 
Total 
2 
2 
4 
8 
.0447 
.0007 
.0034 
.0488 
.02230 
.00035 
.00085 
Fyrs = 26.235 (significant at .05) 
Fmo = 0.412 (not significant at .05) 
The west end data showed wide fluctuation in 1958 and 
1959, but relatively little in I960 (Fig. 4). No trends 
were observed over the summer months during which most of 
the collections were made. The 1959 crop again roughly 
doubled the I960 crop, while the 1958 crop appeared to 
oscillate between the two. Analysis of the variance pointed 
up the differences among the years (Table 3)• 
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Table 3* Analysis of variance of means of June, July, and 
August of 1958, 1959, and I960, in the west end 
of Clear Lake, Iowa 
Source of variation D.F. S.S. M.S. 
Years 
Months 
Error 
2 
2 
4 
Total 8 
.0311 
.0044 
.0026 
.0381 
.01560 
.00220 
.00065 
Fyrs = 24.000 (significant at .05) 
Fmo = 3.385 (not significant at .05) 
Clear Lake is not unique in exhibiting differences in 
yearly populations and wide fluctuations from collecting 
date to collecting date. In a saline lagoon of the same 
general depth and shape as Clear Lake, Zein-Eldin (1961) 
found a difference in the 1958 and 1959 crops estimated by 
chlorophyll extraction. Rodhe et al. (1958) found that the 
standing crop (chlorophyll) in Lake Erken (morphologically 
similar to Clear Lake, though larger) varied widely, with 
the summer collections especially showing rapid fluctuations. 
A spring bloom was noted in late April and early May, unlike 
Clear Lake, and an autumn bloom occurred in August of one 
year but not the following year. In two coastal salt ponds 
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in Rhode Island, Conover (1961) detected no seasonal blooms 
and suggested that the shallowness of the ponds allowed the 
penetration of sufficient light for photosynthesis through­
out most of the year, which was in part responsible for the 
absence of the blooms. Kutkuhn (1958) remarked on the low 
phytoplankton development in early spring and the high de­
velopment during the summer in North Twin Lake, Iowa. This 
lake was superficially like Clear Lake though about one-
sixth the surface area. Anderson (1954) stated that the 
occurrence of phytoplankton peaks were unpredictable, and 
may occur at any season of the year. 
In Table 4, the general trend of meager crops in the 
open sea to rich crops in many inland waters can be observed, 
with some of the coastal environments and bays approximating 
some of the more oligotrophia inland environments. A few 
spring and fall maxima in the open sea approached average 
populations found inland. Inland reservoirs appeared to be 
non-typical of inland waters, having low crops. Clear Lake 
was quite rich in relation to most other environments, 
either marine or fresh-water. The shallow lagoon investi­
gated by Zein-Eldin (1961) approached Clear Lake values, 
with at least one summer bloom very closely approximating 
Clear Lake bloom values, while Wessling Lake, Germany, stud­
ied by Gressner (1944), appeared to have greater crops than 
Clear Lake. 
Table 4. Comparison of phytoplankton standing crop (chlorophyll) values 
for a number of different aquatio environments 
Reference 
Type of 
environment Time of year 
Chloro. 
mg/m3 Remarks 
Graham (194-3) 
Atkins and 
Parke (1951) 
Atkins and 
Jenkins (1953) 
Riley (1939) 
Riley (1941) 
Riley (1955) 
Riley (1941) 
Marine ; LaJolla, 
Calif. 
Marine ; English 
Channel 
Marine ; English 
Marine; W. N. 
Atlantic 
Marine ; Long 
Island Sound 
Marine ; George's 
Bank 
Mean 0.77 
Spring maximum -
1948 2.84 
Spring maximum 
1949 1-37 
Fall maximum 
1948 1.22 
Fall maximum 
1949 1.43 
Spring maximum 
1952 34.20 
May-June mean 
1939 1.20 
Mean 17.40 
Spring maximum 
1953 30.00 
Mean 5*60 
Results appeared 
low to author 
Table 4 (Continued). 
Reference 
Steele and 
Baird (1961) 
if 
Marshall (1956 
Conover (1961) 
Zein-Eldin 
(1961) 
h 
» 
Wright (1958) 
Kawamura and 
Anraku (1957) 
Type of 
environment 
Marine ; pelagic 
(Atlantic) 
Marine ; bay area 
(Atlantic) 
Coastal waters, 
Florida 
Coastal salt 
ponds, R.I. 
Saline lagoon, 
Texas 
« 
M 
Fresh-water 
reservoir, Mont. 
Fresh-water 
reservoir, Japan 
Chloro. 
Time of year mg/m* Remarks 
June-September 
range 
Average of sur-
0.10-1»00 face and bottom 
values 
1.50-5.70 Average of sur­
face and bottom 
values 
Mean 4.30 Chlorophyll "a" 
Yearly range 
Spring maximum 
1958 
Summer, 1958 
Fall maximum 
1958 
Sept.-Oct. 
mean 
2.00-12.00 Two ponds 
45.80 
84.50 
26.80 
2.94 
Bloom of ©ugle-
noids (maximum 
value) 
Nov. mean 0.81 
Table 4 (Continued). 
Reference 
Type of 
environment ! Time of year 
Comita and Fresh-water 
Anderson (1959) lake, Wash. 
Gessner (1944) Freeh-water 
lake, Germany 
Apr.-June 
range 
July-Sept, 
range 
Oct.-March 
range 
September 
September 
November 
January 
This study Clear Lake, la. 
(east end) 
June-Aug. 
range, 1958 
J Line-Aug. 
mean, 1958 
June-Aug. 
range, 1959 
Chloro. 
mg/m? Remarks 
3.00-8.20 
May be heavy 
0.15-0.40 grazing here 
0.75-3-50 
19.60 Surface 
185*00 7.5 meter depth 
(maximum pop.) 
92.80 Surface (max. 
pop. ) 
52.1 Surface (max. 
pop. ) 
4 - 2 7  S u r f a c e  
11.67 Surface 
Surface; max. 
37 - 82 value during 
bloom 
I 
Table 4 (Continued). 
Reference 
Type of 
environment Time of year 
Chloro. 
mg/m* Remarks 
This study Clear Lake, la. 
(east end) 
Clear Lake, la. 
(west end) 
June-August 
mean, 1959 
June-August 
range, I960 
June-August 
mean, I960 
June-August 
range, 1958 
June-August 
mean, 1958 
June-August 
range, 1959 
June-August 
mean, 1959 
June-August 
range, I960 
June-August 
mean, I960 
45.-34 
15 - 70 
21.94 
12 - 62 
36.66 
33 - 68 
54.80 
24 - 31 
26.34 
Surface 
Surface; max. 
value during 
bloom 
Surface 
Surface; much 
fluctuation 
Surface 
Surface; much 
fluctuation 
Surface 
Surface; little 
fluctuation 
Surface 
VJ 
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All standing crop values listed in Table 4 were ob­
tained by chlorophyll extraction, to insure as much compar­
ability with the Clear Lake data as possible. However, 
there are several pitfalls to be aware of in interpretation 
and comparison of chlorophyll extracts, as reviewed by Small 
(1961). There was no way of knowing the exact comparability 
of the results of Table 4, and error was undoubtedly intro­
duced here. Also, methods of collection of samples from the 
various environments were undoubtedly different, which was 
another potential source of error. 
The principal species of phytoplankton in the east and 
west ends of Clear Lake are listed in Tables 5, 6, and 7 for 
1959 and I960. Generally, diatoms were abundant the year 
around (perhaps in slightly greater quantity in the spring 
and early summer), blue-greens were most abundant from mid 
to late summer, and greens, though never in high quantity, 
definitely were in greatest abundance in spring and early 
summer. This is the typical seasonal pattern of abundance 
shown by these groups, though in Clear Lake no marked transi­
tions occurred. Melosira granulata was the dominant diatom 
in both ends of the lake in all years studied, reaching 
bloom proportions in late June, 1959 • Asterionella formosa, 
Pragilaria crotonensls, and Stephanodiscus niagarae were all 
persistent in the samples, though they never reached the 
abundance of Melosira. Stephanodiscus astraea and the 
Table 5. Species composition of phytoplankton in the main body of Clear Lake 
in 1959. Units of count were used as the basis for assigning 
relative abundance of each species.a 
Species June 29 July 6 July 21 Aug. 3 Aug. 20 Sept. 12 
Oyanophyta 
Ax Grevillei 
•oococcus limneticus 
Ôoelosphaerium 
kuetzinglanum 
Gomphospnaeria""aponina 
Gomphosphaeria lacustris 
Ejerismopedia glauca 
Microcystis aeruginosa 
Anabaena spiroides 
Aphanizômenon 
flos-aquae 
Lyngbya Birgei 
Osoiliatoria sp. 
Spirulina SP. 
++ 
+ 
+ 
++ 
+ 
+ 
+++ 
++ 
+ 
++ 
+++ 
++ 
++ 
+ 
+++-)-++ 
+-»-
++ 
+ 
+ 
++ 
+ 
+ 
++ 
eotrichia echinulata 
+ 
++++ -{•+++ 
+++ ++ 
+ + 
++ + 
+++ 
Ohlorophyta 
Gloeocystis 
Àctinastrum 
s 
. tzschii 
Ankistrodesmus falcatus 
Botryococcus sudetious"" 
++ 
+ 
+ + 
+ 
+ 
+ 
a++++++ = bloom (over 30,000 units/ml), +++++ = very abundant (20,000 to 
30,000 units/ml), ++++ = abundant (10,000 to 20,000 units/ml), +++ = common 
(1,000 to 10,000 units/ml), ++ » rare (100 to 1,000 units/ml), + = trace (less 
than 100 units/ml). 
Table 5 (Continued) 
Species June 29 July 6 
Coelastrum cambricum 
Coelastrum microporum 
Crucigenia sp. 
Kirchneriella obesa 
Oocystis borgei 
Pediastrum simplex 
Pediasrtrum boryanum 
Pediastrum duplex 
Scenedesmus quadricauda 
Scenedesmus bi.luga 
Tetraedron regulars 
Tetraedron limneticum 
Closterium sp. 
Cosmarium sp. 
Staurasllrum gracile 
Chrysophyta 
Melosira granulata 
T^iitzosoTenia eriensis 
Stephanodiscus aatraea 
Stephanodiscus niagarae 
Tabellaria fenestrata 
Asterionella formosa 
Fragilaria crotonensis 
Nayicula spp. 
NitzscGTa palea 
PinnularTa spp. 
Stauroneis anceys 
Surirella b'iserlata 
Synedra acus 
Synedra ulna 
++ 
+ 
++ 
++ 
++ 
+ 
+++ 
+ 
+ 
+++ 
+ 
+ 
+ 
++ 
++ 
++ 
++ 
++++++ +++++ 
+ 
++ ++ 
++ + ++ 
+++ ++ 
++ + 
++ 
+ 
+ 
July 21 Aug. 3 Aug. 20 Sept. 12 
+ 
+ 
+ 
+ 
+ + ++ ++ 
+ 
++ ++ ++ ++ 
+ 
+ 
+ + 
+ 
++ ++ ++ ++ 
++++ +++ +++ +++ 
-o- + + 
++ + + 
+ 
+ + ++ + 
Table 5 (Continued). 
Species June 29 July 6 July 21 Aug. 3 Aug. 20 Sept. 12 
Eugenophyta 
Euglena sp. 
Abacus"acuminata 
Trachelomonas sp. 
+ 
+ 
+ ++ + 
Pyrropkvta 
Ceratium hirundinella 
Glenodinium sp. 
++ +++ 
++ 
+++++ 
++ 
+++ +++ 
+ 
+++ 
+ 
Table 6. Species composition of phytoplankton in the main body of Clear Lake in 
I960 and April 22, 1961. Units of count were used as the basis for 
assigning relative abundance of each species.a 
Species 
March June June July August August Sept. 
30 7 29 18 2 22 10 
April 
22 
1961 
Cyanophyta 
Chroococcus limneticus 
Coelosphaerium 
kuetzinglanum 
Q-omphOBphaeria aponina 
Merlsmopedia"*glauca 
Microcystis aeruginosa 
Artabaena spiroides 
Aphanizomenon flos-aquae 
tb.va Birgei 
++ 
+++ 
scillatoria sp. 
Spirulina sp. « eotrichia echinulata 
Chlorophyta 
Gleocvstis gigas 
Actinafftrum hantzschii 
Ankistrodesmus falcatus 
Coelastrum cambricum 
Coelastrum microporum 
+++ 
++ 
+ 
++ 
++ 
+ 
++ + 
+++ ++++ 
+++ + 
++ 
+++ 
+ 
+ 
++ 
+++ 
+++ 
++ 
+ 
+++ 
+ 
++ 
+ 
+ 
+ 
+ 
+++ 
++ 
+ 
++ 
+++ 
+ 
++ 
&++++++ « bloom (over 30,000 units/ml), +++++ = very abundant (20,000 to 
30,000 units/ml), ++++ = abundant (10,000 to 20,000 units/ml), +++ = common 
(1,000 to 10,000 units/ml), ++ = rare (100 to 1,000 units/ml), + = trace (less 
than 100 units/ml ). 
Table 6 (Continued). 
Species 
March June June July 
30 7 29 18 
+ + 
++ 
+ 
+ 
++ + ++ + 
++ + 
++ +++ ++ +++ 
+ ++ 
+ 
+ 
+ 
+ 
+++ +++ ++ ++ 
Cruclgenia sp. 
Micractinium pusilium 
Oooystis borgel 
Pediastrum simplex 
Pediastrum boryanum 
Pediastrum duplex 
^cenedesmua quadricauda 
Tetraedron regulare 
Tetraedron lininetfcum 
Staurastrum gracile 
Ohrysophyta 
Melosira granulata 
Melosira varians 
Stephanodiscus astraea 
Stephanodiscus niagarae 
Asterlonella formosa 
Gymbella sp.' 
Fragilaria crotonensis 
gavicula spp. 
Pinnularia sp. 
Surirella biseriata 
Synedra acus 
Synedra ulna 
Dinobryon sp. 
Euglenophyta 
Trachelomonas sp. 
Pyrrophyta 
Geratium -mind i.ne lia 
Glenodinium sp. 
+++ ++++ 
++ 
++++ 
+ 
+-H-
++ + + 
+ +++ ++ + 
++ ++ ++ ++ 
+ 
+++ ++ ++ + 
+ +++ 
+ 
+ 
++ 
+ 
+ 
+ 
+ ' 
++ 
+ ++ 
+ ++-M-+ ++ +++ 
++ + + 
August August Sept. 
2 22 10 
+ 
++ ++ ++ ++ + 
+ 
++ 
+ 
+ ++ ++ ++ 
+++ +++ +++ +++ 
+ 
+ + 
++ + ++ 
+ + ++ ++ +++ 
+ 
+ + + ++ 
+ + +++ 
+ + 
+ + 
++ ++ ++ 
+ + ++ 
++ 
Table 7. Species composition of phytoplankton in the west end of Clear Lake 
in 1959 and I960. Units of count were used as the basis for 
assigning relative abundance of each species.a 
June 22 July 10 August 6 June 29 July 18 Aug. 22 
Species 1959 1959 1959 I960 I960 I960 
Cyanophyta 
Aphanocapsa Grevillei ++ 
Chroococcus limneticus 
Ooelosphaerium 
kuetzingianum 
Crompkosphaeria aponina 
Meriamopedia "glauca 
Microcystis aeruginosa 
Microcystis incerta 
Anabaena spiroides 
Aphanizomenon flos-aquae 
Iarngbya Birgèi 
Oscillatoria sp. 
Grleotrichia echinulata +++ 
Chlorophyta 
Anki atrodesmus falcatus + + 
+ 
++ + + + + 
++ ++ 
+ 
+++ +++ +-M-+ +++ ++++ +++ 
+ 
+++ + + 
+ 
++ ++ ++ ++ + + 
Coelastrum nnmbri num + 
Coelastrum microporum + 
Oocyatis borgei ++ 
Pediastrum simplex + + + 
Pediastrum boryanum + + 
++++++ = bloom (over 30,000 units/ml), +++++ = very abundant (20,000 to 
30,000 units/ml), ++++ = abundant (10,000 to 20,000 units/ml), +++ = common 
(1,000 to 10,000 units/ml), ++ = rare (100 to 1,000 units/ml), + = trace (less 
than 100 units/ml ). 
Table 7 (Continued). 
Species 
Pediastrum duplex 
Scenedesmus quadricauda 
Scenedesmus bi.1uga 
Schroederia sexigera 
Tetraedron regulare 
Closterium gracile"*" 
Closterium sp. 
Cosmarium sp. 
Stauraa^rum gracile 
Micrasterias apiculata 
Chrysophyta 
CycloteUa compta 
Melosira granulata 
Melosira varians' 
Stephanodiscus astraea 
Stephanodiscus niagarae 
Tabellaria fenestrate 
Asterionella formosa 
Oymbella sp.' 
Fragilaria crotonensis 
tfavicula spp. 
Surire11a biseriata 
Synedra acus 
Synedra ulna 
Euglenophyta 
Buglena sp. 
Trachelomonas sp. 
Pyrrophyta 
Ceratium hirun.din.ella 
Grlenodinium sp. 
une 22 July 10 August 6 June 29 July 18 Aug. 22 
1959 1959 1959 I960 I960 I960 
+++ +++ ++ ++ ++ ++ 
+ + + ++ 
+ 
+ 
+ + ++ . 
+ 
+ 
++ 
+++ +++ +++ +++ '+++ +++ 
+ 
+ 
+++++ ++++ ++++ ++++ +++ +++ 
+ ++ 
++ ++ ++ ++ - ++ + 
+++ +++ +++ ++ +++ ++ 
+ 
++ + +++ ++ ++ + 
+ 
+++ +++ +++ +++ ++ +++ 
+++ ++ + ++ 
+ + + 
+ + + + + 
+ 
+ 
++ ++ + + + 
+++ +++ +++ +++ +++ ++ 
+ + + + + 
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various species of Navicula also ranked high in number in 
all years. 
Microcystis aeruginosa was the most common blue-green 
algae. This species was largely responsible for the exten­
sive blooms that occurred on Clear Lake in the summers, 
though Gleotrichia echinulata was prevalent in a few in­
stances . The other well-known bloom species, Anabaena 
spiroides and Aphanizomenon flos-aauae. never reached bloom 
proportions during the period of study, though Anabaena be­
came fairly common for short periods of time both in 1959 
and I960. Aphanizomenon was most common in the September 
I960 collection, but was noticeably scarce at other times. 
Lyngbya Birgei and Chroococcus limneticus were the only 
other fairly persistent blue-green species, and these were 
in low abundance. 
Green algae species most prevalent in the collections 
were Staurastrum gracile. Pediastrum duplex, and Pediastrum 
simplex, though they were never in great abundance. 
Ankistrodeemus falcatus was fairly common in spring, but was 
quite rare in summer samples. Other species were rare, and 
when they were found, it was usually in the spring and early 
summer samples. 
Trachelomonas sp. was identified in most of the collec­
tions, though it never was a common species. The euglenoid 
forms were very sparsely represented in the collections. In 
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the Pyrrophyta, the dinoflagellates Ceratium hlrundinella 
and Grlenodinium sp. were representative species in Clear 
Lake. Ceratium was common on most collecting dates, and 
became very abundant in mid-July, 1959 and early June, I960. 
Weber (I960) noted a Ceratium bloom at mid-lake (my Station 
4, approximately) during.the period July 13-17, 1959. 
Glenodinium sp. was fairly consistent in the collections, 
though always in small numbers. 
Factors Affecting Seasonal Abundance and Fluctuations 
To list every individual factor known to play a part, 
at least on occasion, in regulating the temporal succession 
and fluctuations of phytoplankton populations in lakes would 
be almost as monumental a task as prophesying the number and 
types of regulatory or influential factors still unknown. 
It is advantageous, however, to review some of the major 
categories of factors, referring to individual factors as 
examples, and attempt to logically examine these categories 
in relation to one another and, more specifically, in rela­
tion to phytoplankton populations in Clear Lake. Difference 
in physiological response of the various species that make 
up the populations will reduce the accuracy of quantitative 
ecological analysis on a total population basis, but the 
principal categories of factors should still be evident. 
Unquestionably anything that affects the growth or 
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growth rate of the populations also will affect the stand­
ing crop. Riley _et al. (1949) observed that any marine pop­
ulation was quantitatively controlled by rates of the vari­
ous processes that increased or decreased its organic con­
tent » Fresh-water populations should be no different in 
this respect. Though investigation of the standing crop-
primary production relationships will take place later, suf­
fice it to say here that phytoplankton standing crop, the 
static quantity, is obviously very intimately related to pri­
mary production, the rate of manufacture of the organisms 
making up the standing crop. The relationship is sometimes 
complex, often changing, and usually modified by many other 
environmental factors that act by influencing the physiology 
of the organisms and by affecting their physical distribu­
tion in the environment. The job at the moment is to eluci­
date at least the major environmental factors affecting pri­
mary production and other factors responsible for the sea­
sonal abundance and fluctuations of the phytoplankton crop. 
McCombie (1953) suggests that all environmental condi­
tions affecting phytoplankton can be grouped as limiting fac­
tors, controlling factors, and lethal factors. Those fac­
tors that affect the metabolic rate of the algae through 
supply of energy or materials are called limiting factors. 
Light intensity and duration, and concentration of nutrients 
are examples of limiting factors. Factors that govern the 
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rate of metabolism, but are not concerned with supply of 
energy or materials are called controlling factors. Temper­
ature, ionic composition of the water, pH, and perhaps 
growth inhibitors in the water are controlling factors. Fi­
nally, lethal factors may be present, such as many of the 
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above factors in excess or deficient concentrations. The 
abundance of a particular species of algae at a given time 
probably depends largely on the extent to which limiting and 
controlling factors have favored its growth. What species 
will be present at that time probably depends more on the 
lethal factors. The fact that phytoplankton, as well as 
higher plants and animals, may become acclimated to a set of 
environmental conditions is another influence of more subtle 
nature that should not be disregarded when considering fac­
tors affecting growth. The degree to which the algae re­
sponds to changes in the level of any environmental factor 
may depend upon the level of the factor to which it is ac­
climated, according to McCombie (1953). 
According to Harvey (1950), the growth rate of the crop 
depends upon the mean depth of the photosynthetic zone 
throughout each day (which varies with the intensity and du­
ration of light falling on the water surface and with the 
turbidity, or transparency, of the water), the temperature 
effect on the respiration rate of the organisms (which tends 
to be offset by its effect upon the regeneration rate of 
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nutrients and upon the photosynthetic rate), the concentra­
tion of nutrients within the photosynthetic zone, and pos­
sibly the concentrations of some other constituents of water. 
The continuance of growth depends upon the rate of regenera­
tion of nutrients from dissolved organic compounds in the 
photosynthetic zone and from below by turbulent motion of 
the water. 
The above growth factors ultimately help to determine 
the magnitude of the quantity of photosynthesizing plankton. 
When the mortality factors, such as density of zooplànkton 
and other grazers, fungal parasitism (Canter and Lund, 1948), 
and rate of loss of cells due to sinking below the photosyn­
thetic zone, are considered, the fluctuations of phytoplank­
ton populations through the seasons are accounted for. 
Marine phytoplankton seems to be affected primarily by 
solar radiation, transparency of the water, depth of the 
mixed layer, phosphate, temperature, and zooplankton abun­
dance (Riley, 1953), as population curves based on these six 
factors, plus some physiological constants, followed actual 
phytoplankton population changes fairly well in New England 
coastal waters (Riley, 1947), George's Bank (Riley, 1946) 
and Husan Harbor, Korea (Riley and von Arx, 1949). 
The broad categories of light, nutrients, transparency 
of the water, temperature, depth of mixing of the water, and 
zooplankton grazing are consistently evident in the 
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literature as factors affecting seasonal abundance of phyto­
plankton. Consequently, these categories, with the excep­
tion of zooplankton abundance and relationship to phyto­
plankton populations (which are handled in a later section 
of this study), were examined individually with regard to 
the seasonal abundances and fluctuations of phytoplankton in 
Clear Lake from June, 1958, through August, I960, with par­
ticular emphasis on the summer months. 
Temperature 
Surface temperatures for 1959 and I960 in Clear Lake 
are represented in Pig. 5* It can be seen that the 1959 
temperatures were almost always higher than the I960 temper­
atures over the corresponding summer months. In I960, sur­
face temperatures were 4.6°P cooler than 1959. When calcu­
lated on a per month basis, June I960 was 4.1°P cooler than 
June 1959, July I960 was 4.3°F cooler than July 1959, and 
August I960 was 2.5°F cooler than August 1959• Water tem­
peratures taken in 1958 were too few to be considered repre­
sentative. Mean air temperatures at the Mason City, Iowa 
airport were averaged over June, July, and August in 1958, 
1959, and I960, for comparison to the water temperature data. 
A .958 correlation between air and surface water tempera­
tures given by Small (1959) was justification for making 
these comparisons. These air temperature data revealed that 
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1000 and 1300 hours on summer collecting days in 1959 
and I960, Clear Lake, Iowa 
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I960 summer temperatures were 4.57°P cooler than 1959 tem­
peratures; this difference is strikingly similar to the 
4.6°F difference calculated with water temperature data. 
The 1958 air temperatures were 4«4°F cooler than the 1959 
temperatures. If Hay and September means are included in 
the calculations for each of the years, 1958 and I960 air 
temperatures are only 2.5°F and 2.7°P cooler than 1959 tem­
peratures, respectively; thus, the greatest amount of tem­
perature variation among the three years occurred in June, 
July, and August, which were the months of most intensive 
collecting at Clear Lake. 
Probably temperature differences in 1958, 1959» and 
I960 had some effect on the quantitative population differ­
ences among the years, though temperature effects are gener­
ally thought to be more pronounced on seasonal variations 
than annual variations. Chandler and Weeks (1945) noted no 
striking temperature differences between two successive 
years in western Lake Erie, though the phytoplankton crops 
of the two years were greatly different. 
Tailing (1957a) found an increase with temperature in 
light-saturated rate of photosynthesis, in culture. This 
increase was linear to a point at which further temperature 
increase had little effect on photosynthetic rate. Also, 
the onset of light saturation of photosynthesis occurred at 
increasingly higher light intensities with each increase in 
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temperature. Wright (1959) also noted the interaction of 
light and temperature on photosynthesis, in that high light 
intensities markedly inhibited the rate of photosynthesis of 
cold-temperature populations and increased the rate of photo­
synthesis in warm-temperature populations. Qualitative dif­
ferences, with regard to classes of algae, may be influenced 
by temperature, according to Jackson (1957). Chlorophyta, 
Pyrrhophyta, and Chrysophyta grew more favorably in 15°C 
water, but Cyanophyta did better in 25°C water. This may be 
the competitive advantage the blue-green algae have in a 
nutrient-poor, warm-water environment typical of many lakes 
in the summer, possibly including Clear Lake. 
Light 
Total light reaching the water surface in June, July, 
and August of 1958, 1959, and I960 was compared. It ap­
peared that more incident light was available in 1959 than 
in 1958 or I960, based on 62 readings in 1958, 75 in 1959, 
and 105 in I960. The differences were slight, however, with 
1959 exhibiting 4.1$ more incident light than 1958, and 3.7$ 
more than I960. All readings were taken between 1000 and 
1300 hours, the brightest part of the day, and thus were 
considered comparable. Daily radiation data for June, July, 
and August of 1958, 1959, and I960 were made available for 
the vicinity of Ames, Iowa (about 100 miles south of Clear 
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Lake) "by Dr. Robert Shaw of the Department of Agronomy. 
From these data, 1959 exhibited 18# more incident light than 
1958, and 9.6$ more light than I960. 
The fact that the average quantities of incident light 
over each of the three summers were in the same relationship 
to each other as the average phytoplankton crops over the 
same time periods may or may not be significant. That light 
is an extremely important factor in regulating production is 
well known (Byther, 1956a; Steeman Nielsen, 1958; Currie, 
1958; and others) but whether it is largely responsible for 
the magnitude of the crops at Clear Lake is a matter of con­
jecture. Steeman Nielsen (1958) points out that marine 
plankton algae utilize only a small fraction of incident 
light energy, due to poor absorption by the pigments. High 
utilization would be possible, however, if the algae were 
concentrated in a shallow photosynthetic layer, such as is 
generally the case at Clear Lake. Chandler and Weeks (194-5) 
found that solar and sky radiation was about 7# less in 1942 
than in 1941 in western Lake Erie, which corresponded to the 
fact that the 1942 spring crop was only 19$ of the 1941 
spring crop and the 1942 autumn crop was 14# smaller than 
the 1941 autumn crop. However, light was not considered the 
major factor contributing to the differences. Riley and 
von Arx (1949) concluded that midwinter and spring popula­
tions in Husan Harbor, Korea were controlled principally by 
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radiation. Probably Steeman Nielsen (1958) came closest to 
describing the seasonal effect of light in the sea when he 
stated: 
"Although a reduction of the light penetrating the 
surface will reduce momentarily the organic produc­
tion per area in all cases, this does not mean that 
such variations are of importance for the production 
over a longer period. A factor like light may at a 
given moment act as limiting. Integrated for a 
longer period, it is, however, mostly another factor— 
replenishment of nutrients—which is the real limiting 
factor for organic productivity." 
This might apply to fresh-water environments as well. 
Other effects of light besides total quantity probably 
affected seasonal abundance in Clear Lake to some degree. 
High intensities inhibit growth of surface populations in 
summer (Steeman Nielsen, 1952) though no quantitative meas­
ure of this loss was made in Clear Lake. Data from Weber 
(I960) indicate there was growth inhibition at the surface 
of Clear Lake, however; maximum productivity occurred at 
about one-half meter in the east end in 1958, and at about 
.2 meter in 1959. In the west end, maximum productivity was 
found at .2 meter in 1958. Tailing (1957b) included the 
transmission of underwater radiation and the onset of light 
saturation of photosynthesis (essentially the point after 
which light inhibition begins), along with surface light 
intensity, when he analyzed the variations in the photosyn-
thetic rate of cultures of Asterionella formosa. These more 
subtle factors were not analyzed at Clear Lake. Ultraviolet 
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light might have caused some death of surface algae, though 
it was probably of minimal importance because of its poor 
penetrating power. Mcleod (1957) has shown that net photo­
synthesis and chlorophyll "a" synthesis of certain marine 
algae show a gradation in response to various types of polar­
ized light. This was not measured at Clear Lake. 
Transparency of water 
Transparency of the water has a direct effect on light 
penetration, and hence on amount of photosynthesis able to 
be carried on throughout the lake volume. Percent transmit-
tance of incident light at one-half meter and one meter lev­
els has been plotted for several days of June, July, and 
August, 1959 and I960 (Pig. 6). In June and July, the water 
was more transparent (less turbid) in I960 than in 1959. 
The transparency was essentially similar in August of both 
years. Turbidities of various kinds, including the phyto­
plankton itself, are the agents responsible for various 
degrees of clouding of the water and thus cutting down trans­
parency. In Clear Lake, phytoplankton and zooplankton, silt, 
and bits of organic debris seem to be the main factors cre­
ating turbidity. Colloidal substances, extracellular prod­
ucts and inorganic compounds may affect true water color, 
and thus transparency, but no measure has been made of these 
at Clear Lake. Certainly the factors responsible for the 
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turbidity are the primary factors affecting light penetra­
tion. 
An average of 68.3# of the incident radiation was cut 
out by one-half meter of water, and about 92# by one meter, 
in I960. In 1959» 77# was cut out by one-half meter, about 
95# by one meter. Turbidity was thus higher in 1959» but it 
must be remembered that the phytoplankton population itself, 
which was a substantial part of the turbidity, was higher in 
1959» also. The turbidity difference between the two years 
was possibly due to the size of the phytoplankton crops, 
rather than the crop size being affected by changes in tur­
bidity minus the crops. 
Turbidity fluctuations have been shown in the litera­
ture to be at least partially responsible for phytoplankton 
fluctuations. Chandler (194-2) found in western Lake Erie 
that when the average turbidity of water was 25 p.p.m. or 
greater preceding and during a phytoplankton pulse, the 
pulse was small and of short duration, and when the average 
turbidity was less than 20 p.p.m. the pulse was large and of 
long duration. Chandler and Weeks (194-5) concluded that 
high turbidities appeared to control crop size in the spring, 
but that autumn phytoplankton production was not controlled 
by one dominant condition. Verduin (1954) noted, also in 
western Lake Erie, that maximum crops arose when clear water 
mixed with turbid, fertile water, creating water masses 
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having enchanced fertility plus sufficient transparency to 
promote utilization of the nutrient by phytoplankton. Inter­
mediate turbidities thus seem to promote the greatest phyto­
plankton growth. 
Depth of mixing of the water 
Clear Lake is a relatively shallow, unstratified lake 
with a sizeable surface area for its depth. Mixing of the 
water can and often does occur from surface to bottom, as 
evidenced by the homogeneous vertical distribution of phyto­
plankton itself, on most days, and the similarity of water 
temperatures throughout the water column. On very calm days 
blooms of algae may be witnessed on the surface, which would 
indicate little or no mixing of the water. Never has this 
situation persisted longer than a few days, however. Less 
mixing probably occurs in the summer than in autumn and 
spring, but on no occasion was it felt that depth of mixing 
of the water, and thus depth of nutrient transport, was lim­
iting to the Clear Lake phytoplankton. 
In the oceans, depth of mixing and stability of the 
water column are often intimately associated with phytoplank­
ton production. There seem to be opposing effects of stabil­
ity. In a well-mixed water column, nutrients are transferred 
from deep rich waters to surface waters, but the plant cells 
themselves are carried by the same means below the euphotic 
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zone, thus reducing net production and growth. In a stable 
water column, phytoplankton is retained in the euphotic 
zone, but nutrients may be quickly exhausted there, too, 
with no new supply. Sverdrup (1953) theorized that there 
must exist, for each time of the year, a critical depth such 
that blooming can occur only if the depth of the mixed layer 
is less than this critical depth. In Clear Lake, though the 
water column was usually unstable (continually mixing), the 
algal cells were never out of the euphotic zone throughout 
most of the lake, and only briefly at the deeper stations 
( 4 and 7 ). 
The depth of the lake basin itself obviously affects 
the above circumstances, and ultimately the amount of phyto­
plankton present. This conclusion has been reached by other 
workers, in other lakes. Bawson (1955, 1955) found an in­
verse correlation between mean depths of lakes in Canada and 
the standing crops of net plankton, which strongly suggested 
that morphometric factors may be predominant in determining 
trophic type of lakes. Burkholder and Sieburth (1961) came 
to similar conclusions with chlorophyll-based standing crops 
in Antarctic waters. Prey and Stahl (1958) concluded that 
morphometry seemed to play a big role in rate of production 
as well as magnitude of the crop, with shallow lakes having 
the higher rates. Clear Lake generally fits the degree of 
eutrophication indicated by its morphometric characteristics. 
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Nutrients 
Nutrient levels were not measured in Clear Lake with 
any regularity. Surface water samples from Station 1 were 
analyzed for inorganic phosphate and nitrate on three sepa­
rate days in August, I960, and on April 22 and May 18, 1961 
-(Table 8). 
Table 8. Levels of inorganic phosphate and nitrate in 
surface waters of Clear Lake, Iowa 
Date 
Inorganic 
phosphate 
(/ig/l)a 
Inorganic 
nitrate 
(Ag/l)a 
August 22, I960 30 142 
August 26, I960 50 150 
August 28, I960 50 155 
April 22, 1961 130 200 
May 18, 1961 145 175 
al,000 Ag/l = 1 p.p.m. 
These admittedly few data are very inconclusive, of course, 
but perhaps are indications of relative levels at the sea­
sons represented. Inorganic phosphate levels appeared ex­
ceedingly high in relation to levels found in other mid-
western lakes, as reviewed by Hutchinson (1957). For 
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example, lakes in northeastern Wisconsin (the same general 
region of the country as Clear Lake) ranged from 8-140 mg/m^ 
(Ag/l) total phosphorous (organic plus inorganic), and aver­
aged only 23 mg/m^. The five readings at Clear Lake ranged 
from 30-145/«-g/l inorganic phosphate, and averaged 81 jkg/l. 
Hutchinson (1957) mentioned that lakes in which sewage and 
agricultural drainage entered the basin often had higher 
values of total phosphorous (up to 780 mg/m^). Ohle (1934) 
found that soluble phosphate (inorganic) in lakes of Baltic 
Germany varied from 5-600 mg/m\ the mean value being 77 
mg/m^. If bog-type lakes were omitted, the range was from 
5-200 mg/m^, with a mean of 47 mg/m^. This approximated the 
levels found in Clear Lake. Hutchinson (1957) mentioned 
bodies of water in England where the soluble phosphorous 
varied from 0-127 mg/aP. 
Inorganic nitrate levels in Clear Lake are high in com­
parison with levels given by Hutchinson (1957) for lakes in 
the midwest region (particularly five lakes around Madison, 
Wisconsin), and agricultural drainage may be the cause. The 
general range of nitrate levels in the Madison, Wisconsin 
lakes was 10-175 mg/m^ (Ag/l)» and the mean levels ranged 
from 32-90 mg/m . Clear Lake values ranged from 142-200 
Ag/l, with a mean value of 164.5 Ag/l. 
The similarity of the upper limits of the range of ni­
trate between Clear Lake and other midwestem lakes might 
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indicate that the springtime conditions among these lakes, 
with regard to N, are similar. The differences occur as the 
seasons progress. The other lakes all dropped of appreci­
ably in nitrate content, while Clear Lake seemed to maintain 
relatively high levels of this nutrient throughout the sum­
mer months. This fact accounted for the diversity in mean 
values. 
As Clear Lake does not stratify, and usually remains 
well-mixed throughout the summer, the relatively great dif­
ferences between spring and summer inorganic phosphate and 
nitrate levels observed in the sea and some lakes was not 
expected. The late August samples were the lowest, probably 
due to a gradual dissipation of the nutrients with the pro­
gression of summer, but the levels probably are not limiting 
growth. As expected, the spring and early summer samples 
yielded higher phosphate and nitrate levels, but not strik­
ingly higher. One or two samples are far from representa­
tive of trends, and it is quite possible that the nutrient 
levels were actually characterized by wide daily or weekly 
variation not picked up by the few samples. 
Phosphate and nitrate are usually considered two of the 
most important compounds influencing growth. The works of 
Atkins (1923, 1926), Pearsall (1923), Harvey (1926), Kreps 
and Verjbinskaya (1932), Cooper (1933), Riley et al. (1949) 
and others give evidence of this in marine environments, and 
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Hutchinson (1957) reviews the pertinent literature in fresh­
water environments. Besides field experiments, researchers 
have investigated many of the facets of phosphate and ni­
trate demand, utilization, influences, and storage in algal 
cells, in controlled experiments (Ketchum, 1959b; Chu, 1943; 
Rodhe, 1948; Mackereth, 1953; Edmondson, 1955; Yentsch and 
Vaccaro, 1958; and others). Ketchum (1939a) discussed the 
possibility of the ratio of phosphate to nitrate being the 
most influential factor on phytoplankton growth. 
Mention might be made of some other chemicals and com­
pounds besides N and P. Fish (1956) found sulfates limiting 
in Lake Victoria, Africa, and Olivier (1955) found sulfates 
correlated with total volume of phytoplankton in Salade 
Grande Lagoon, Argentina. The effects of iron, magnesium, 
and potassium on Scenedesmus quadricauda cultures were in­
vestigated by Rodhe .(1948) with the results that the cul­
tures were able to grow and form chlorophyll for half a year 
in an iron-free medium, were not able to grow and form chlo­
rophyll for longer than a few weeks in a Mg-starved medium, 
and were able to grow and form chlorophyll for several 
months in a potassium-free medium. Magnesium-deficient 
cells were able to utilize very small amounts for immediate 
growth, however, whereas potassium-starved cells required a 
certain amount of potassium to cover their debt; i.e., a 
certain minimum level of potassium was needed before growth 
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and chlorophyll formation could begin. 
Too large quantities of trace elements (Mn, Ou, Zn, 
etc.) may be toxic (Pennak, 1946), though this may be of 
infrequent occurrence and in special situations only. The 
relationship of finely-divided organic matter present in the 
water to phytoplankton populations is variable, from induc­
ing growth (lefevre, 1958) to inhibiting it (Olivier, 1955). 
The quantity present is probably largely responsible for the 
effect produced, though composition of the organic matter 
might be a strong factor in some instances (where toxic 
materials are concerned). 
Pennak (1946) stated that dissolved organic compounds 
were up to eight times the weight of the total plankton, and 
remarkably constant throughout the year. Weber (I960) found 
that dissolved organic compounds were fairly constant in 
Clear Lake in 1959» Collier (1958) noted the probable ef­
fect of extracellular compounds on red tides when he stated 
that the algae in question probably supplied the organic 
substrate which indirectly conditioned the water for its own 
growth. Many other workers have added to the knowledge of 
dissolved compounds in the water and its effects on phyto­
plankton (Pratt and Pong, 1940; Lefevre ejb al., 1952; Fogg 
and Westlake, 1953; Provasoli and Pintner, 1953; Bice, 1954; 
Fogg, 1958; Lucas, 1958; Hartman, I960; Smith et al., I960; 
plus those reviewed by Weber, I960, and many others). The 
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probable importance of these compounds in distribution and 
abundance of phytoplankton should not be overlooked. 
A generalized effect on phytoplankton abundances of 
such a heterogeneous assortment of inorganic and organic 
compounds and metabolites collectively referred to as "nutri­
ents" actually is an impossible thing to assess. Riley and 
von Arx (194-9) speculate that nutrient salts are important 
factors determining time, duration, and relative magnitude 
of summer and autumn blooms in the sea, Chandler and Weeks 
(194-5) say that perhaps nutrient supply was responsible for 
yearly differences in phytoplankton populations in western 
Lake Erie, and Ichimura and Aruga (1958) indicate that the 
effect of nutrient salt supply is not so great in eutrophic 
waters as in oligotrophia ones, but these are broad general­
izations. Reference to the quote from Steeman Nielsen 
(1958) points up the importance of replenishment of nutri­
ents in a marine environment, but it should not be construed 
from this that each component included under the broad head­
ing of nutrients is always limiting. Some elements, com­
pounds , and extracellular products may never be limiting 
even though essential. Simple analysis of total amount of 
nutrients in water is often worthless, and even knowledge of 
amounts of certain individual elements is of questionable 
value unless the requirements of the phytoplankton species 
utilizing these elements are known. Some species require 
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more of a certain nutrient than others, while others are 
able to store quantities of certain nutrients above their 
immediate needs and thus show no apparent correlation to 
rapid fluctuations of nutrient levels. Some species can 
utilize reduced forms of nutrient more readily than others. 
Some are more susceptible to toxicity of trace elements and 
extracellular products than others. Ketchum et al. (1958) 
suggest that perhaps the ratios of one chemical to another, 
which are known to change, become limiting factors, rather 
than the elements themselves. Perhaps the ratios become 
limiting before the elements are able to exert an influence 
individually. Munk and Riley (1952) have shown that the 
physiology of the algal cells themselves may play a major 
part in nutrient absorbtion. Small diatoms were found to 
have a higher absorption rate of nutrients than larger ones; 
the inherent competitive advantage is obvious. 
The importance of overall nutrient effect on magnitude 
of phytoplankton populations cannot be denied. Clear-cut 
correlation between chemical conditions and qualitative com­
position of phytoplankton are not to be expected, however 
(Hutchinson, 1944). Physiological condition of a population 
and its relation to populations of other species are likely 
to explain many of the apparent inconsistencies observed 
when different seasons and different lakes are compared. 
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Miscellaneous factors 
Fluctuating water levels can make great differences in 
phytoplankton abundance. Pennak (194-6) observed that phyto­
plankton was most abundant during periods of low water, and 
Heed and Olive (1956) found that fluctuating water levels in 
a reservoir made for great differences in phytoplankton abun­
dance . 
The water level was lower in 1959 than in I960 at Clear 
Lake, which might account for some of the difference between 
the populations of these two years. Chandler and Weeks 
(194-5) found the mean lake level of western Lake Erie was 
slightly higher during the year of lowest phytoplankton abun­
dance. 
The basic influence of total alkalinity on photosyn-
thetic rates, according to Jackson (1957), is its regulation 
of the pH values of the water; pH in turn was used as an in­
dex for the group of algae expected to reach a maximum. 
High pH values (8.0 and up) generally have blue-green algae 
at maximum production. The pH of Clear Lake averaged about 
8.2 from four readings in late summer and early fall, and 
the total alkalinity ranged from 185-205 p.p.m. CaCO^ over 
the same time period. Alkalinity might have been a bit low­
er in spring, as one reading on May 18, 1961 yielded only 
154- p.p.m. CaCO^. 
Influence of various carbonic acid components (COg, 
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carbonic acid, bicarbonate ions, and carbonate ions) were 
investigated in controlled experiments using Scenedesmus 
quadricauda (Osterlind, 1949). large concentrations of COg, 
and/or 00^, inhibit growth. Low concentrations of COg and 
HOO^ can be used as sources of carbon for photosynthesis. 
Horizontal Distribution of Surface Phytoplankton 
Horizontal distribution of phytoplankton was analyzed 
from samples taken from June to September in 1959 and I960, 
using the nine east end and three west end stations. Table 
9 shows that for the main body of the lake (east end) there 
was no difference among stations, when monthly means were 
used as the basis of calculation. The stations, and thus 
the horizontal phytoplankton distribution, were homogeneous 
when considered as monthly averages in each of two succes­
sive summers. It is probably safe to assume that there are 
no chronic differences among different areas of the main 
body of the lake with regard to phytoplankton populations; 
that is, there are no continually "sterile" or continually 
"fertile" areas present. 
A perusal of the data suggests that there may have been 
differences in horizontal distribution on any selected day 
even though no monthly differences were apparent. Several 
analyses of daily horizontal variation, run on randomly se­
lected days from June, July, and August, 1959» showed that 
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Table 9* Analysis of variance of data taken in June, July, 
and August of 1959 and I960, in the main body of 
Clear Lake, Iowaa 
Source of 
variation D.F. S.S. M.S. 
Years (Y) 1 .1821 .18210* 
Months (M) 2 .0045 .00225 
Error a 2 .0195 .00975 
Stations (S) 8 .0040 .00050 
M x S 16 .0074 .00046 
Error b 24 .0128 .00053 
Total 53 
Fyrg = 18.676* (significant at .05) 
2?m0 = 0.230 (not significant at .05) 
Fgta = 0.943 (not significant at .05) 
F = 0.868 (not significant at .05) 
mxs 
aNot the usual split-plot design, as assumptions of 
randomization are not rigidly met. 
there was definitely differences among the stations. The 
horizontal distribution picture for the summer months seems 
to be one of daily heterogeneity, or patchiness, which when 
averaged over months appears homogeneous. 
The three west end stations were not different from one 
another at P = .05 (barely) with respect to horizontal dis­
tribution of phytoplankton, when considered as means over 
the three summer months in 1959 and I960 (Table 10). 
68 
Table 10. Analysis of variance of data taken in June, July, 
and August of 1959 and I960, in the west end of 
Clear Lake, Iowaa 
Source of 
variation D.F. 8.3. M.S. 
Years (Y) 1 .0939 .09390* 
Months (M) 2 .0099 .00495 
Error a 2 .0074 .00370 
Stations (S) 2 .0007 .00035 
M x S 4 .0036 .00090* 
Error b 6 .0007 .00011 
Total 17 .1162 
Fyrs = 25.378* (significant at .05) 
Fmo = 1.338 (not significant at .05) 
Fgta = 3.182 (not significant at .05) 
"mxs = 8.182* (significant at .05) 
^ot the usual split-plot design, as assumptions of 
randomization are not rigidly met. 
Differences would have probably occurred most of the time 
had each day been analyzed separately. It was interesting 
to note, however, that on July 10, 1959 (the only date where 
data were available for daily variation analysis) a non­
significant difference was obtained (barely), indicating 
that the three stations were not heterogeneous with regard 
to their phytoplankton populations on that day. General 
observations gave no indication of patchiness on July 10 in 
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contrast to most other days. Also, the small number of de­
grees of freedom do not provide a high degree of precision 
in the July 10 analysis. 
A significant interaction between months and stations 
was obtained in the west end. Obviously the stations re­
acted differently to the passage of time. All three exhib­
ited an increase in "richness" from June through August, but 
the manner in which the increase was accomplished was strik­
ingly different. Station 1 increased slowly from June to 
July, but then relatively rapidly. Station 2 rapidly in­
creased from the "poorest" station in June to become the 
"richest" in August. Station 3 increased rather rapidly be­
tween June and July, then more slowly from July to August, 
the approximate reverse of Station 1. The west end, being a 
very shallow, relatively isolated body of water, appeared to 
be of more changeable character than the east end with re­
gard to horizontal phytoplankton distribution considered 
over long time periods. 
Vertical Distribution 
Small (1959) found homogeneous distribution of phyto­
plankton with depth in the main body of Clear Lake in 1958, 
based on five collections taken at one station (Station 4) 
in August. Table 11 indicates there was no statistical dif­
ference between surface and one-meter samples taken at seven 
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Table 11. Analysis of variance of data taken on June 28, 
July 18, and August 22, I960 at Stations 2 
through 8 in the main body of Clear Lake, Iowaa 
Source of 
variation D.F. S.S. M.S. 
Dates (D) 2 .0055 .00275* 
Stations (S) 6 .0024 .00040 
Error a 12 .0019 .00016 
Depth (Z) 1 .0001 .00010 
S x Z 6 .0006 .00010 
Error b 14 .0019 .00014 
Total 41 .0124 
F^ = 17.188* (significant at .05) 
Fg = 2.500 (not significant at .05) 
Fg = 0.714 (not significant at .05) 
Fexz = 0.714 (not significant at .05) 
*Not the usual split-plot design, as assumptions of 
randomization are not rigidly met. 
different stations (Stations 2, 3, 4, 5, 6, 7, and 8) on 
June 28, July 18, and August 22, I960. 
Visual comparison pointed up the similarity of surface 
and one-meter values within any one day at any particular 
station. No daily homogeneity tests were run because a 
total of only three degrees of freedom was available for 
each possible test. At Stations 4 and 7 data were available 
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for four depths (surface, one meter, two meters, and three 
meters) on the above three dates, so it became possible to 
run more rigorous tests of vertical distribution within each 
of the three dates, using only the two stations. Five out 
of the six tests showed that there was no difference among 
the four depths at P = .05. On June 28 at Station 4 a sig­
nificant difference was observed, caused mainly by a rela­
tively high surface population. Obviously, whenever a sur­
face bloom occurs (and perhaps blooms below the surface), 
vertical distribution is heterogeneous to some degree. Per­
haps there was a slight bloom on June 10 at Station 4. Dur­
ing times when there is no bloom, vertical homogeneity very 
probably exists. 
There is a possibility that the two stations used in 
the six tests were not completely representative. Stations 
4 and 7 were deep-water stations and might have exhibited 
vertical distribution characteristics somewhat different 
from those of the littoral stations. A visual appraisal of 
the data did not suggest this, however. 
In the west end in 1958 a significant amount of the to­
tal variation of phytoplankton populations was attributed to 
vertical distribution (Small, 1959). One central station 
was used for four collections in August, and only surface 
and bottom samples were taken (approximately one meter dif­
ference). In 1959, using three stations on seven collecting 
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Table 12. Analysis of variance of data taken on seven 
collecting trips in the summer of 1959 at three 
stations in the west end of Clear Lake, Iowaa 
Source of 
variation D.F. S.S. M.S. 
Dates (D) 6 .2089 .0348* 
Stations (S) 2 .0112 .0056 
Error a 12 .0305 .0025 
Depth (Z) 2 .0060 .0030 
S x Z 4 .0056 .0014 
Error b 36 .0365 .0010 
Total 62 .2987 
F& = 13.920* (Significant at .05) 
Fg = 2.240 (not significant at .05) 
F2 = 3.000 (not significant at .05) 
F8xz = 1.400 (not significant at .05) 
aNot the usual split-plot design, as assumptions of 
randomization are not rigidly met. 
trips (June 9 through August 6), and sampling at the surface, 
one-half meter, and one meter (bottom), a barely non-signif­
icant difference was obtained among depths (Table 12). A 
visual comparison of the chlorophyll concentration at the 
three depths at each station on each collecting day indi­
cated that there was no set pattern of homogeneity or heter­
ogeneity. For example, collections of June 9 and 13 were 
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obviously heterogeneous with regard to depth, at all sta­
tions, whereas collections of June 22, July 5 and 10, and 
August 6 appeared homogeneous at most stations. The July 27 
depth samples were slightly variable at Stations 1 and 2, 
heterogeneous at Station 3« 
In I960, using the same three stations in the west end 
on June 29, July 18, and August 22, and again sampling at 
the surface, one-half meter depth, and bottom, a significant 
difference was observed among depths (Table 13). Examining 
the individual days revealed that noticeable variation among 
the depths occurred on most occasions. Never was this vari­
ation as pronounced as that which occurred on some days in 
1959» but it made up a greater share of the total variation 
(which was slight). It appears obvious from these data and 
the data of Small (1959) that the west end of Clear Lake is 
a more complex body of water than its morphometric character­
istics might indicate. 
Factors Affecting Horizontal 
and Vertical Distribution 
It would be quite unrealistic to assume a homogeneous 
distribution of phytoplankton throughout the lake for any 
one day. Wohlschlag and Easier (1951) found that different 
bay areas and stations in each bay in Lake Mendota, Wiscon­
sin had characteristic quantities of algae, some of which 
were retained from one season to the next, some of which 
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Table 13. Analysis of variance of data taken on June 29, 
July 18, and August 22, I960 at three stations 
in the west end of Clear Lake, Iowaa 
Source of 
variation D.F. S.S. M.S. 
Dates (D) 2 .00010 .00005 
Stations (S) 2 .00010 .00005 
Error a 4 .00043 .00011 
Depth (Z) 2 .00100 .00050* 
S x Z 4 .00031 .00008 
Error b 12 .00046 .000038 
Total 26 .00240 
= 0.455 (not significant at .05) 
Fg = 0.455 (not significant at .05.) 
Fg = 13.158* (significant at .05) 
Fgxz = 2.105 (not significant at .05) 
aNot the usual split-plot design, as assumptions of 
randomization are not rigidly met. 
varied greatly with time. These differences accounted for a 
non-signifieant amount of the total variation over the years, 
but nevertheless were very real for any particular day. 
General 
All the factors affecting seasonal abundance might af­
fect horizontal and vertical distribution as well. Turbid­
ity, nutrients, depth and amount of mixing of the water, and 
zooplankton grazing especially might differ in various areas 
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of the lake on any particular day. Incident light, tempera­
ture, and water levels seemed to remain quite constant 
throughout Clear Lake on any particular sampling day, but 
light penetration, as influenced by turbidity, might be dif­
ferent. 
Riley (1946) estimated that 60-80# of horizontal varia­
tions in phytoplankton in the sea could be accounted for by 
examining variations in water depth, temperature, dissolved 
phosphate and nitrate, and grazing zooplankton. Wright 
(1958) listed water turbulence and zooplankton grazing as 
chief factors causing loss of phytoplankton from the euphot-
ic zone, whereas Biley and Bumpus (1946) suggested that tur­
bulent mixing of the water was an effective means of homo­
genizing the populations in marine environments. Prowse 
(1953) said the presence of macrophytic vegetation, or the 
nature of the bottom, possibly exerted some influence on the 
nature of free-floating algal populations in the shallow 
areas of enclosed bodies of water. Small (1959) suggested 
this might be the case regarding the heterogeneous makeup of 
the west end population in Clear Lake during the summer of 
1958. 
Phytoplankton blooms are notably patchy, and occur and 
diminish quite rapidly; it is obvious that horizontal and 
vertical distribution are not homogeneous in these instances. 
It is perhaps not so obvious that diurnal fluctuations in 
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photosynthetic rate and chlorophyll content may take place, 
so that the time of collection would be a factor in obtain­
ing comparable samples from station to station, and day to 
day. Doty and Oguri (1957), Verduin (1957), and Shimada 
(1958) all found these diurnal rate fluctuations in the sea 
and lakes, with the maximum rate during the few hours before 
mid-day. Blum (1954) found evidence for a diurnal pulse in 
streams. Yentsch and Ryther (1957) found daily chlorophyll 
"a" variations in the sea, roughly corresponding to the 
daily photosynthetic periodicity, and Gibor and Meehan (1961) 
showed this to be true with some species of fresh-water al­
gae under controlled laboratory conditions. According to 
Weber (i960), the diurnal differences in carbon fixation 
rates and chlorophyll "a" content in Clear lake were only 
about 25$, with the maximum rates early in the morning and 
the maximum chlorophyll "a" content late in the day. Collec­
tions for the present study were all made between the hours 
of 0930 and 1300, which probably did not affect the compar­
ability of the collections to any great degree but might 
have underestimated the standing crops by a slight, fairly 
constant amount. 
Vertical distribution might be affected by submarine 
illumination to some extent (Sorokin, I960) or by vertical 
turbulence and sinking. The change in phytoplankton concen­
tration with depth in the ocean is quantitatively determined 
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by the interrelation of five factors (Riley et al., 194-9): 
vertical diffusion, settling velocity of the phytoplankton, 
depth of the euphotic zone, production (photosynthesis), and 
consumption (respiration and grazing). The fairly uniform 
vertical distribution in the main body of Clear Lake indi­
cated a rather continuous mixing from top to bottom, but 
some of the heterogeneity observed in the west end was no 
doubt a result of some of the above factors. Depth of the 
euphotic zone was probably not critical in the west end, ex­
cept perhaps on very dark days. From June 6 through August 
22, I960, light reaching the bottom averaged 2.2# of incident 
light, with no value (out of 13) falling below 1.4$. If the 
euphotic zone is considered to be the zone from the water 
surface to the depth at which 1# incident light is recorded, 
the west end was in euphotic zone from surface to bottom. 
Primary production in the west end on two dates in August 
and September, 1958 was definitely highest about four to six 
inches below the water surface (Weber, I960). At a one-half 
meter depth (about 18 inches), primary production was re­
duced to half that of the four to six inch depth, pointing 
up the possible distributional influence of productivity 
rates that vary widely with only small changes in depth. 
Different settling velocities of different species might 
lessen the sharpness of demarcation between high and low pro­
ductivity regions, and vertical diffusion might lessen the 
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effect of differential productivity rates on vertical dis­
tribution by subtracting from high productivity regions 
(near the surface) and adding to lower productivity regions 
(near the bottom). The west end is well sheltered, and con­
sequently not normally subjected to wind-induced mixing; 
should winds become strong enough to agitate the surface wa­
ters, however, some vertical, wind-induced mixing is bound 
to occur. Rooted aquatic vegetation also reduces the mixing 
of water in the west end. This vegetation may possibly have 
an antagonistic effect on phytoplankton production, also. 
No assessment of grazing or "natural mortality" was made, 
but zooplankton populations in the west end-, though rela­
tively high, did not appear to fluctuate greatly during the 
summer months. 
Wind 
Probably the greatest influence on horizontal and ver­
tical distribution in the main body of Clear Lake was the 
wind. This one physical force not only has the capability 
of acting directly on the populations, but also can affect 
size of crops in any area indirectly by transporting nutri­
ents, turbidity, and possibly zooplankton. It probably af­
fects light penetration through its effect on the surface of 
the water and on silt turbidity, and has a tendency to 
equalize water temperatures over the whole lake volume. 
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The importance of wind on distribution of phytoplankton 
frequently has been mentioned in the literature. Loeffler 
(1954) visually observed the effects of winds pushing blue-
green algal clumps horizontally, and noted* through correla­
tion of specific wind conditions with station standing crops, 
that constant winds shifted plankton algae from station to 
station. The visual observations were possible only when 
the turbulence of the surface waters was not so strong as to 
prevent the aggregation of the algae at the surface. Sur­
face blue-green algae was most affected by the horizontal 
push, while diatoms and green algae were less affected be­
cause they generally were found at greater depths than the 
blue-greens. The blue-greens thus tended to pile up on 
windward areas and become scarce leeward, while the other 
forms did not exhibit this tendency. Rae (1957) found good 
correlations between directional movement of Metridia and 
components of wind, off the coast of Scotland, and several 
other workers listed wind as the main factor causing short-
term fluctuations in station standing crops, mostly in fresh­
water environments (Johnson, 1949; Olivier, 1952; Rodhe, 
1958; Rodhe et al., 1958). Welch (1935, p. 215) stated that 
all surface water movements tended to disturb uniformity of 
distribution, and that the vast shoreward accumulations oc­
curred most frequently as a result of a steady but gentle 
shoreward drift, rather than the more violent wave action. 
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This statement seems incongruous with later statements made 
by Welch to the effect that phytoplankton populations prob­
ably can never be considered uniformly distributed; if there 
is no uniformity to begin with, there is no uniformity to be 
disturbed. Also, all surface water movements do not neces­
sarily make phytoplankton distribution less uniform than in 
a perfectly calm aquatic environment, as implied by Welch. 
From evidence shown later in this study for Clear Lake, lit­
tle to no water movement was not necessarily associated with 
"uniform" phytoplankton distribution. More often than not, 
distribution of phytoplankton on very calm days was quite 
heterogeneous, probably due to differential productivity in 
different areas of the lake. Actually, winds of high veloc­
ity tended to make the phytoplankton distributions more uni­
form in Clear Lake, by thoroughly mixing the water in both a 
horizontal and vertical plane. Slow, steady water movements 
usually caused shoreward accumulations of phytoplankton in 
Clear Lake, which agreed with the general statement to this 
effect made by Welch. 
The observation that blooms occur only during light 
winds suggested to Pomeroy et al. (1956) that at wind veloc­
ities of Beaufort 3 (8-12 MPS) or more the speed of the cur­
rent vortices exceeds the swimming speed of dinoflagellates, 
and they are vertically mixed rather than concentrated at 
the surface. Tucker (1948) also noted that each phyto-
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plankton peak observed in the Bay of Quinte tended to become 
uniformly distributed from surface to bottom by stirring ac­
tion of the water. 
Two direct effects of wind on phytoplankton thus emerge 
from the literature. On the one hand, low velocities of 
wind tend to concentrate surface populations and blooms and 
push them horizontally, while on the other hand, high wind 
velocities break up surface aggregations and tend to homo­
genize the population throughout the depth of the lake. 
There may be some horizontal pushing in the latter instance, 
but it is not as easily detected as on calm days. Verduin 
(1951) maintains that four- to twenty-fold fluctuations in 
standing crop at a fixed station can be brought about simply 
by movement of water masses past that station, and that 
these wind-induced fluctuations are routine rather than un­
usual. Strong winds would have a homogenizing effect in a 
shallow basin, however. It is the interaction of these two 
effects which seems to determine the area covered by homoge­
neous communities in western Lake Erie; thus, during the 
spring, when prolonged blows occur frequently, the varia­
tions in the horizontal plane appear to be less sharp, and 
homogeneous communities cover larger areas, than during the 
relatively calm summer. This may be true at Clear Lake, 
also. 
Indirect effects of wind on standing crops may be 
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important. Johnson (194-9) found that phosphates and ni­
trates perhaps increased during the summer months due to 
winds blowing shallow water rich in P and N from shore muds 
out into the lake. Rawson (i960) says: 
"It appears that a nominally eutrophic lake continu­
ously mixed by winds becomes exceptionally produc­
tive, in a manner somewhat analogous to a culture 
flask subjected to continuous shaking." 
Andrews (194-8) noted the extreme effects of a windstrom on 
western Lake Brie. Seston, turbidity, temperature, and zoo­
plankton either were altered or completely reversed from 
their normal horizontal distribution pattern. He also be­
lieved that winds of lesser magnitudes probably produced sim­
ilar but less striking variations in the horizontal distribu­
tion of phytoplankton, zooplankton, and suspended inorganic 
matter in natural waters. 
Adjusted stress vector plots were made for collection 
days of 1959 and I960 in Clear Lake, and the resultants plus 
45° Ekman transports compared to the standing crops of phyto­
plankton at the nine east end stations (Pigs. 7 through 22). 
One thing became fairly apparent. General phytoplankton 
movement in Clear Lake was mainly a function of total wind 
stress in the lake and directional stability of the wind. 
Stress values adjusted to one direction were often mislead­
ing, as high values might be obtained from either a hard 
blow on the day prior to collection day or by several days 
of soft but unidirectional blow. The total stress seemed 
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Fig. 7• Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, June 26, 1959• Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 4 is stipulated (see text). 
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Fig. 8. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, June 29-30, 1959» Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 4 is stipulated (see text). 
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Pig. 9• Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 6-7, 1959. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9» 
and arrows represent directional movement of populations. 
Condition 4 is stipulated (see text). 
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Pig. 10. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 13, 1959• Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 1 or 2 is stipulated (see text). 
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Pig. 11. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 14, 1959• Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 1 or 2 is stipulated (see text). 
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Fig. 12. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 15, 1959• Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 1 is stipulated (see text). 
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Pig. 13. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 20, 1959. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 1 is stipulated (see text). 
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Pig. 14. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 21, 1959. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 1 is stipulated (see text). 
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Pig. 15. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 22, 1959• Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 1 is stipulated (see text). 
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Fig. 16. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 28, 1959. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 4 is stipulated (see text). 
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Pig. 17. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 29» 1959. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9» 
and arrows represent directional movement of populations. 
Condition 2 is stipulated (see text). 
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Pig. 18. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 30, 1959. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 2 is stipulated (see text). 
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Pig. 19. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, August 3, 1959• Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations, 
Condition 4- is stipulated (see text). 
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Pig. 20. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, June 10, I960. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 3 or 4 is stipulated (see text). 
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Pig. 21. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, July 14, I960. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9* 
and arrows represent directional movement of populations. 
Condition 1 or 2 is stipulated (see text). 
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Pig. 22. Wind effects on phytoplankton distribution in Clear Lake, 
Iowa, August 10, I960. Numbers represent optical density 
values of extracted chlorophyll at Stations 1 through 9, 
and arrows represent directional movement of populations. 
Condition 2 is stipulated (see text). 
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to affect the rapidity with which phytoplankton was pushed, 
and wind stability affected the direction of push. Four 
general conditions could be noted with regard to total 
stress and wind stability: 1) little total stress (0 -
0.45000 gm/cm/sec2, approximately) and fluctuating direc­
tions tended to create patchy conditions, in which all sta­
tions were more or less independent of one another, and 
standing crops reflected productivity conditions at each sta­
tion rather than immigrant populations from other areas of 
the lake; 2) little total stress resolved toward one direc­
tion often caused populations (including surface blooms) to 
drift with the slight wind, and eventually pile up on the 
windward side of the lake; 3) much total stress (approxi­
mately 0.45000 gm/cm/sec2 and up) and fluctuating wind direc­
tions homogenized the population horizontally and vertically, 
so that no great differences in crops were found among sta­
tions; 4) much total stress and unidirectional wind condi­
tions homogenized the populations vertically over each sta­
tion, and also tended to move the phytoplankton horizontally 
(though this was never obvious to the eye as in the case of 
surface blooms). 
On June 26, 1959 the stress was relatively great and 
the direction of push relatively unidirectional toward KHE 
(Fig. 7). This implied Condition 4, and a glance at the sta­
tion crop values showed that the phytoplankton responded to 
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this push by being in higher concentration on the north 
shore than on the south. In light of indirect effects of 
wind, it was highly possible that more nutrient was pushed 
to the north shore also, so that the greater populations 
along this shore could have resulted from two effects acting 
together; that is, from the physical addition to the popula­
tion of cells blown in from the south, and from the physio­
logical addition of cells rapidly produced in situ as a di­
rect result of enrichment of the north shore water by nutri­
ents concentrated there by the wind. 
A bloom of Melosira granulata was present on June 29 
and 30, but never surfaced, probably because of the fairly 
strong wind and the fact that diatoms do not characteristic­
ally bloom right at the air-water interface. All optical 
density readings were high, but the effect of the wind was 
still shown (Pig. 8). The direction of wind effect was re­
solved to ESE for these two days. The south shore stations 
thus exhibited the highest populations. Station 9 was the 
highest of all, possibly due to the blowing of very fertile 
organic muds from the waters at the shoreline across the sta­
tion. Stations 6 and 7 undoubtedly received algae and nu­
trient from the usually quite productive Station 8. Station 
8 was relatively low in standing crop on these particular 
days. Station 5 is relatively protected from wind effects 
resolved toward BSE, as is Station 1. Most of the standing 
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crop measured at these stations was probably produced there 
or entered secondarily by drifting off the main axis of blow. 
The July 6 and 7 crop estimates fell pretty well into 
line with the existing wind conditions, much as the June sam­
ples (Fig. 9)• Winds were not quite so unidirectional on 
the ten days prior to this collecting period as in the case 
of the June days, however. Station 3 appeared abnormally 
' low. 
Through the July 6-7 collection days directional stress 
in the lake was relatively great, indicating a fairly rapid 
movement of water volume (and hence phytoplankton) in a fair­
ly specific direction. A series of relatively calm days fol­
lowed, however, and the total stresses in the lake on July 
13, 14, and 15 became small (Figs. 10, 11, and 12). Also, 
the slight winds varied widely in direction from day to day. 
This had the effect of moving the plankton at a much slower 
velocity, and allowing it to dilute throughout a larger area 
around its point of origin rather than be pushed along a 
fairly constant axis. Individual station productivity was 
probably largely responsible for the standing crops found at 
each station. No clear-cut movement could be assessed under 
these conditions, and hence dashed directional arrows were 
used rather than solid ones. 
Essentially the same conditions prevailed through the 
collection days July 20, 21, and 22 (Figs. 13, 14, and 15). 
102 
Low total stress in the lake and wind shifts from WSW to H1W 
to BE (about 158° total) greatly minimized directional ef­
fect of wind on the populations. The fact that the standing 
crops at most of the stations in both the July 13-15 and the 
July 20-22 sequences were quite variable from day to day, 
and in no apparent pattern of increase or decrease, tended 
to support the belief that individual station productivity 
was responsible for the values obtained, and not wind-
shifted populations (to a noticeable extent, at least). 
Wind shifting was again noticeable in the July 28, 29, 
and 30 collections (Pigs. 16, 17, and 18). The wind exerted 
» a rather steady northeast push, though total stress was only 
moderate. Progressive declines in standing crops were noted 
at Stations 3, 8, and 9» the usually "rich" stations. Evi­
dently the steady south wind moved the populations out of 
these stations at a fairly rapid rate, though some of the 
decline can doubtless be attributed to a falling off of pro­
duction, perhaps due to a limited late summer nutrient sup­
ply. If wind were entirely the cause, it would not be ex­
pected that Station 8 would suffer such heavy losses as were 
found to occur. Station 6 remained relatively constant, as 
would be expected with a wind from the south (considering 
its protected shoreline), but did show a tendency toward 
less abundance on July 30. Station 7 varied. Stations 1 
and 5 showed a slow buildup, as would be expected in view 
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of their north shore positions, but never reached the large 
proportions that might be expected in view of the losses 
from Stations 7, 8, and 9. Station 2 lost rapidly. The key 
to the whole wind-water movement picture for this three-day 
sequence seemed to lie at Station 4 on July 30. On this day 
a very pronounced bloom of Microcystis aeruginosa centered 
about Station 4, and it can only be concluded that the nu­
trients from the remainder of the lake were semi-concen-
trated here (or at least did not disappear here), which al­
lowed the surface bloom to occur. Slow buildups were noted 
at the two north shore stations (1 and 5), as stated before, 
but the main concentration occurred at mid-lake. 
By August 3 a more "normal" wind-algae pattern was 
established (Fig. 19). High stress, again mostly the re­
sult of moderate blow from one direction over a fairly long 
time period, was coupled with a NUE resultant direction of 
push. This resulted in higher standing crop values at Sta­
tions 1, 5» and 8, along the north shore. The two mid-lake 
stations (4 and 7) were relatively low, which was usually 
the case. It must be noted that Stations 3 and 9 were also 
quite low, however, at the same level as they were on July 
30. Nutrient depletion might have been the cause. However, 
Station 6, again fairly well protected from the wind, was 
found to have a relatively high value. This indicated fair­
ly good production, and certainly no real shortage of 
104 
nutrient. Station 6 seemed to be fairly independent of the 
rest of the lake throughout the summer, especially when 
winds were from a general southerly direction (as they usu­
ally were). 
To check the validity of the method used with the 1959 
data, three calculations were analyzed in I960, on June 10, 
July 14, and August 10. In the main, results were adequate. 
The June 10 data were calculated to fit Condition 4 
(Pig. 20), but standing crop values were fairly low and ap­
peared as if they might have fit Condition 3 as well as 4. 
The difference between the two conditions lies in the ques­
tion of whether the wind is unidirectional or from varying 
directions over the 10 days prior to collection day, with 
especial emphasis on the winds of one, two, and three days 
prior (which were given full, half, and quarter value, 
respectively). In this case, the wind did fluctuate fairly 
rapidly from the tenth to fifth day prior, but then settled 
to a rather unidirectional blow toward WSW the remainder of 
the time before collection. On this basis, it was decided 
the direction was stable enough to allow classification into 
Condition 4. The standing crop values appeared rather homo­
geneous, however, which might indicate Condition 3. 
An extremely high surface bloom of Gleotrichia 
echinulata and Microcystis aeruginosa occurred on July 14, 
and the hypothesis that little stress in the lake was 
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required for this event was borne out (Fig. 21). The slight 
winds, alternating with perfect calm, were from various di­
rections over the days prior to July 14, and thus Condition 
I was stipulated. However, there was some drift, and its 
direction was visually obvious on collection day because the 
bloom covered the water surface like a green mat. The direc­
tion was toward WW. The calculated direction was due west, 
as indicated by the dashed directional arrows, which was not 
too far off from the observed*-direction. That Condition 2 
was fulfilled rather than Condition 1 was a possibility, and 
probably the true wind-algae picture lay somewhere between 
the two conditions. There was obviously extreme patchiness, 
which indicated high or low productivity of the bloom spe­
cies in individual areas of the lake, but there also ap­
peared to be a directional drift pattern, from the east end 
toward the west, which piled up eventually around Station 8. 
That the stations not participating in the bloom (Stations 
2, 3> 6, and 9) were somewhat lower at this time than on 
other dates in July may or may not be significant. On July 
30, 1959» stations that did not participate in the bloom 
were very much lower than usual. 
On August 10, I960, with moderate stress in the lake 
and a fairly unidirectional ENE wind effect, a tendency for 
the algae to be in greater concentration at the northeast 
end of the lake was noted (Fig. 22). Large bloom did not 
106 
develop, however, and the effect of push was more subtle 
than in other instances. The difference between any two sta­
tions, moving successively from west to east, probably was 
not significant (within about 10# of one another), except in 
the case of Stations 1 and 2, which appeared to be truly dif­
ferent from mid-lake. Stations 1 and 2 were distinctly high­
er than the most western stations of the main lake body (Sta­
tions 7, 8, and 9). 
Relationships between Standing Crop 
and Productivity in Clear lake 
It is obvious that productivity and standing crop are 
intimately associated with one another; productivity is the 
rate of production of the crop, and the crop is the product 
of the productivity. What appears to be a simple relation­
ship turns out to be complex, however, when it is realized 
that many variables modify and influence the relationship. 
Equal amounts of phytoplankton may not result from a given 
amount of carbon fixation in a particular time interval and 
equal standing crops may differ in productivity rate. 
Factors affecting standing crop-productivity relationships 
Many workers have attempted to estimate production by 
following changes in chlorophyll content of natural waters, 
with limited success. Many researchers have shown a fairly 
close relationship between photosynthesis and light 
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intensity, as reviewed earlier, and a close relationship be­
tween photosynthesis and chlorophyll quantity at a given 
light intensity has been shown as well (Emerson, 1929; 
Emerson et al., 1940; Fleischer, 1935; and Ryther, 1956b). 
Assuming these two variables (light intensity and quantity 
of chlorophyll)are the main influences on primary production, 
many workers have proposed formulae to predict production on 
the basis of these variables (Eyther and Yentsch, 1957; 
Verduin, 1956; Rodhe et al., 1958; Wright, 1959; Strickland, 
I960; and others). Most seemed fairly adequate, though no 
real precision was ever gained because other factors not con­
sidered also have effects. Verduin (1959) indicated that it 
was not possible to predict accurately the rate of photosyn­
thesis for a particular date because of the complicated ar­
ray of factors affecting the rate of optimum photosynthesis. 
It would be well to investigate-some of these factors before 
actually investigating standing crop (chlorophyll)-productiv­
ity relationships in Clear Lake. 
The primary physical factors (light, nutrient, tempera­
ture, etc.) have been discussed previously, as factors af­
fecting photosynthesis, growth, and eventually magnitude of 
the crop. There are other factors, perhaps slightly more 
subtle and often modified by the physical factors, that must 
be taken into consideration when investigating productivity 
relationships with standing crop. 
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Photosynthetic activities of various groups, classes, 
species, or even individual cells of a single species may be 
different. Rodhe (1958) and Rodhe _et al. (1958) mention the 
widely differing photosynthetic capabilities of the nanno-
plankton (cells under 100A) and net plankton. Usually 80-
90# of total assimilation was carried on by the nannoplank-
ton, though the standing crop of nannoplankton was usually 
not this much greater than the standing crop of the net 
plankton. Jackson (1957) found significant differences be­
tween photosynthetic rates in different classes of algae 
under various conditions. 
Linear relationship between total standing crop and its 
assimilation rate may exist during the early buildup of a 
single species population, but the differing specific activ­
ity (assimilation per unit volume or weight) of different 
algae is one reason a general and constant relationship 
should not be expected, according to Rodhe (1958). Paasche 
(I960) says that theoretically a linear relationship is to 
be expected between production capacity and standing crop, 
and that the relationship is best when standing crop is 
measured as cell surface area rather than cell numbers or 
volumes. Ryther (1956b) noted in controlled experiments 
that the rate of photosynthesis per cell was extremely vari­
able, but the rate per unit of chlorophyll remained rela­
tively constant at any given light intensity, regardless 
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of the intensity at which the organism grew. Currie (1958) 
and Steele and Baird (1961) found this photosynthesis-
chlorophyll factor quite constant in both coastal and open 
sea environments. However, there is little reason to as­
sume that this factor must be constant under all conditions 
in the environment (Ryther and Yentsch, 1957). Gessner 
(1944) found that the relationship in lakes (which he called 
the assimilation number, OOg in grams assimilated/hour/ 
chlorophyll content in grams) was constant enough for the 
summer months but not for the winter. 
One unit of chlorophyll (in live cells) assimilates 
different quantities of OOg under different conditions 
(Krey, 1958). Wright (1959) observed that rates of photo­
synthesis per unit of chlorophyll decreased as standing 
crops increased. Thus, the rate of optimum photosynthesis 
per unit of chlorophyll is not constant, but density depen­
dent (Wright, I960). Rodhe et al. (1958) noted that during 
the spring bloom, production depended mainly on chlorophyll 
content, but then the relationship gradually disappeared. 
In June, a fair relationship still existed, in July no rela­
tionship was evident at all, and very little relationship 
was obtained in August. All in all, production tended to 
decrease with increased standing crop. Verduin (1959) ob­
served similar phenomena. It was suggested (Wright, I960) 
that chlorophyll synthesis became increasingly limited by a 
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nutrient factor (probably nitrogen) as the crop increased, 
or that OOg tension became a factor, i.e., as the crop be­
came larger, a decrease in available COg became evident. It 
can be safely concluded that the relationship between photo­
synthesis and standing crop is not necessarily linear. 
Diurnal variation-in productivity rates (Doty and 
Oguri, 1957; Verduin, 1957; and Shimada, 1958), with maximum 
photosynthetic ability generally a few hours before midday 
and minimum ability in thfe evening, is a factor that must be 
evaluated in the standing crop-productivity relationship. 
Weber (i960) found that photosynthesis varied in Clear Lake 
from an early morning maximum to a late afternoon minimum, 
but the difference was only about 25#. In situ rates of 
photosynthesis over the same time period gave further indi­
cation of reduced capacity for photosynthesis in the after­
noon. 
It has been found by several investigators that chloro­
phyll content per cell varies, possibly depending on state 
of nutrition of the organism, quality and intensity of light, 
etc. (Ryther, 1956b; Ketchum et al., 1958; and Krey, 1958). 
Paasche (I960) stated that interspecific variations in chlo­
rophyll content obviously contributed to the residual varia­
tion around the regression lines of cell number on produc­
tion capacity, cell volume on production capacity, and cell 
surface area on production capacity. Intraspecific varia-
Ill 
tion in chlorophyll content was considered a possible factor 
as well. 
Light effects on chlorophyll must be taken into consid­
eration when evaluating standing crop from chlorophyll ex­
tractions. Prowse (1953) has called attention to the fact 
that cells may be deep green at depths but yellow at the sur­
face, so that chlorophyll estimations for the same species 
might be different at the bottom and surface. Yentsch and 
Byther (1957) have found diurnal variation in chlorophyll 
content, the decreases in amount possibly due to photoxida-
tion of chlorophyll. Shimada (1958) has indicated this var­
iation might be directly correlated with the daily periodic­
ity of photosynthesis. In Clear Lake, however, Weber (i960) 
found that chlorophyll "à" content of successive samples in­
creased from early morning to evening, the opposite of pho­
tosynthetic capacity. 
Technique difficulties, sampling errors, etc. may be a 
large problem in analyzing standing crop-photosynthesis 
relationships. Rodhe (1958) found that the sum of the re­
sults of several short-time productivity rate experiments 
14 
using C in suspended bottles was greater than the corre­
sponding result from a continuous run. This implied, of 
course, that real assimilation never could be measured by 
the suspended bottle technique, as algae in the upper bot­
tles are never taken out of above-optimal light, and algae 
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in lower bottles never brought up to optimal light. What is 
more, the error is never constant but depends upon changing 
light conditions, turbidity of the water, etc. Bodhe e_t al. 
(1958) found that in situ photosynthesis rates had many sim­
ilarities with in vitro rates (at 700 lux for twelve hours, 
in this case), but the relationship was not so close as to 
be expressed by a simple factor. This fact is important 
when it is realized that in vitro rates have been used by 
various researchers to develop formulae for predicting pro­
duction rates in situ. 
Byther and Yentsch (1958) compared in situ measure­
ments to production figures calculated from a formula em­
ploying chlorophyll and radiation data, and found that out 
of seventeen pairs of data obtained by the two methods, all 
but four differed by less than two-fold. Since the formula 
gave gross productivity and the 0^ measured net, some dif­
ferences were to be expected. The differences obtained were 
seemingly inconsistent with the expected error, however. 
For example, during the spring bloom it was expected that 
net and gross measurements would be about equal, but the 
data showed them way off, and during the summer when nutri­
ents might be limiting and the standing crop at a lower, 
more static level, the data showed the two estimates quite 
close. There was no explanation for this inconsistency. 
The non-constant photosynthesis-respiration ratio noted by . 
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Ryther (1954) implied a close relationship between gross and 
net values during periods of rapid growth (very little res­
piration in relation to photosynthesis) and widely-differing 
gross and net values during the summer (when respiration 
might equal or even surpass photosynthesis on some occa­
sions) . Wright (1959) substantiated this when he found that 
higher chlorophyll concentrations yielded higher respiration 
in relation to photosynthesis. Physiological and perhaps 
morphological differences of cells occur during blooms, to 
greatly affect various relationships (Prowse, 1953). 
Both Ryther and Yentsch (1957) and Krey (1958) have in­
dicated that chlorophyll from detritus or dead algae may af­
fect the relationship of the amount of carbon assimilated 
per unit time per unit amount of chlorophyll. The use of 
only chlorophyll "a" rather than total pigment also may lead 
to error, according to Currie (1958). 
The use of weekly means in productivity and standing 
crop measurements only gives a smoothed version of an often 
very fluctuating situation. Variation in primary production 
from one day to the next was often as great as 100#, and in 
some cases between 200-300#, and variations in chlorophyll 
were quite high on occasion, too, according to the work of 
Rodhe et al. (1958) in Lake Erken, Sweden (a lake with many 
similarities to Clear Lake). Finally, the various bottle's, 
hoses, buckets, etc. used to run the productivity 
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experiments, the different means of incubation, filtration, 
washing, storage, and counting of the samples, and the dif­
ferent means of determining amounts of chlorophyll all add 
up to a fairly sizeable experimental error. 
Standing crop-productivity relationships in Clear Lake, 
Gross primary productivity per unit volume of water was 
calculated from chlorophyll and light data in 1959 in Clear 
Lake. A formula adapted from Strickland (I960) was used: 
mg C/mVhr = (F) (I^ax^ chlorophyll Ma"/m^) 
where: 
F = a factor based on known photosynthesis-chlorophyll-
light relationships, estimated as 30 + 20 by 
Strickland, and figured as 30 for Clear Lake 
(as described below). 
Imax = intensity of daylight illumination at the depth 
of maximum photosynthesis in langleys/minute. 
This was calculated from light readings every 
three hours during the photoperiod for each col­
lection day, and estimated as .1500 ly/min on 
days when no readings were made. 
On nine different days, field data on productivity rates 
(mg C/m^/hr), standing crop (mg chlorophyll "a"/m^) and 
Imax (ly/min, converted from foot-candle data) were avail­
able, and F values were easily calculated. An average F was 
obtained (F = 31.52, rounded to 30) and applied to all sub­
sequent computations for productivity rates. 
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Table 14 shows the complete analysis of the 1959 data. 
On some dates it will be noted that only one station (Sta­
tion 4) was used for collection. These are data from Weber 
(i960) for comparison to my data. On other dates anywhere 
from four to nine stations (usually nine) are represented. 
In all cases, the gross primary productivity is estimated, 
to comply with the limitations of the formula. As the actu­
al productivity measurements were made using (Weber, 
I960), which measures net productivity, the addition of a 
factor for respiration was necessary to approximate gross 
productivity. Using data from Weber (I960), respiration was 
calculated to average 93# of net productivity for the summer 
period encompassed by the data of Table 14. Thus, gross 
production was assumed to be 193# of the net production. 
The use of an average photosynthesis-respiration ratio is 
not entirely satisfactory in view of the work of Ryther 
(1954), Ryther and Yentsch (1958), and Wright (1959), but it 
might serve to give good approximations of gross productiv­
ity. When definite blooms were noted for a particular sta­
tion on the lake, the estimated productivity was usually way 
off. 
Whenever an attempt is made to estimate a continually 
changing situation with a formula that can at best only 
crudely account for changes in a few variables, real preci­
sion is not to be expected. Many of the variables not 
Table 14. Calculated productivity rates (mg C/nrVhr) and/or standing crops 
(mg chloro. "a"/m5) at optimum light intensity for all collecting 
days in 1959, Clear Lake, Iowa 
Date 
Sta­
tion 
Light 
at 
f .c. 
intensity 
P max 
ly/min 
P max 
(observed) 
gross mg 
C/m3/hr 
P max 
(calculated) 
gross mg 
C/m'/hr 
Mg chloro. 
"a"/m3 
(observed) 
Mg chloro. 
"a"/m3 
(calculated) 
June 3 4 3125 .2031 285-42 297.34 48.8 46.84 
June 4 4 3125 .2031 229.17 - — 37.77 
June 5 4 3125 .2031 265.42 — — 43.56 
June 10 4 2120 .1378 209.17 — — 50.60 
June 11 4 2200 .1430 229.17 161.30 37.6 53.42 
June 12 4 2845 .1850 255.00 — — 45.95 
June 18 4 1700 .1105 171.25 — — 51.66 
June 22 4 3540 .2300 152.92 - - 22.16 
June 23 4 1920 .1250 148.75 — — 39.67 
June 25 4 2185 .1420 95.00 148.67 34.9 22.30 
June 26 1 2300 .1500 — 238.50 53.0 -
It 2 tl II 193.50 43.0 — 
II 3 tl It — 198.00 44.0 — 
II 4 II tl — 184.50 41.0 — 
II 5 II 11 — 247.50 55.0 — 
II 6 II II — 184.50 41.0 — 
II 7 It It — 193.50 43.0 — 
II 8 II II — 283-50 63.0 — 
II 9 It II — 254.25 56.5 -
June 29 1 850 .0553 — 115.30 69.5 — 
it 7 ii » — 141.02 85.0 — 
» 8 » n — 121.11 73.0 — 
it 9 ii ii — 155.95 94.0 — 
June 30 2 850 .0553 129.40 78.0 — 
» 3 II ii — 141.02 85.0 *— 
M 4 » « 156.67 142.67 86.0 94.44 
Table 14 (Continued). 
Date 
Sta­
tion 
Light 
at 
f .o. 
intensity 
P max 
ly/min 
P max 
(observed) 
gross mg 
C/m3/hr 
P max 
(calculated) Mg chloro. 
gross mg "a"/m3 
C/m3/hr (observed) 
Mg chloro. 
"a"/m3 
(calculated) 
June 30 5 850 .0553 143.50 86.5 
» 6 h ii  •— 143.50 86.5 — 
July- 1 4 1245 .0809 190.42 171.83 70.8 78.46 
July 6 1 2300 .1500 — 184.50 41.0 — 
11 2 h — 252.00 56.0 *— 
It 3 h h — 184.50 41.0 — 
II 4 H H - 209.25 46.5 -
July 7 5 2300 .1500 — 184.50 41.0 
II 6 H H — 207.00 - 46.0 — 
11 7 » ii — 222.75 49.5 «— 
II 8 h M — 245.25 54.5 — 
II 9 ii H — 252.00 56.0 — 
July 13 1 2380 .1547 — 227.41 49.0 — 
i i  2 h ii  — 234.37 50.5 — 
It 3 h ii  — 312.52 67.3 — 
II 4 h h 198.13 206.52 44.5 42-69 
11 5 ii i i  — 187.96 40.5 — 
II 6 H i i  — 192.60 41.5 --
11 7 h ii  — 194.92 42.0 « 
i i  8 H i i  — 176.36 38.0 — 
11 9 « ii — 192.60 41.5 — 
July 14 1 2380 .1547 — 194.92 42.0 •» 
i i  2 h II — 243.65 52.5 — 
h 3 ii II — 303.99 65.5 — 
H 4 ii II 227.50 215.81 46.5 49» 02 
H 5 ii II — 213.49 46.0 — 
H 6 ii II - 199.56 43.0 —» 
» 7 ii i i  — 185.64 40.0 -
i i  8 H tl — 220.45 47.5 — 
Table 14 (Continued). 
Sta— 
Light intensity 
at P max 
Date tion f.c. ly/min 
14 9 2)80 .1547 
15 1 2380 .1547 
2 ii i i  
3 ii i i  
4 n i i  
5 n 11 
6 ii i i  
7 ii 11 
8 » i i  
9 ii i i  
16 4 2380 .1547 
17 4 1570 .1021 
20 1 2300 .1500 
2 ii ii 
3 ii ii 
4 ii ii 
5 » n 
6 it ii 
7 ii ii 
8 ii ii 
9 ii ii 
21 1 2300 -.1500 
2 » » 
3 » it 
4 .  ii  i i  
5 n ii 
6 i i  it 
P max 
(calculated) Mg chloro. Mg chloro. 
gross mg "a"/m3 "a"/m3 
C/m3/hr (observed) (calculated) 
222.77 48.0 
197.24 42.5 «— 
292.85 63.1 — 
306.31 66.0 
269.18 58.0 52.75 
201.88 43.5 «*• 
273.82 59.0 — 
220.45 47.5 — 
197.24 42.5 — 
280.78 60.5 — 
— - 39° 50 
111.49 36.4 47.61 
234.00 52.0 — 
240.75 53.5 — 
288.00 64.0 — 
218.25 48.5 —• 
202.50 45.0 — 
211.50 . 47.0 -
186.75 41.5 — 
177.75 39.5 —» 
168.75 37.5 —* 
209.25 46.5 — 
245.25 54.5 — 
211.50 47.0 » 
213.75, 47.5 — 
168.75 37.5. — 
191.25 42.5 — 
Table 14- (Continued). 
Date 
Light intensity 
Sta- at P max 
tion f.c. ly/min 
P max 
(observed) 
gross mg 
C/m3/hr 
July 21 
July 22 
July 28 
July 29 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
. 6  
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
2300 
If 
2300 
It 
II 
II 
II 
II 
tl 
2300 
it 
ii 
it 
it 
it 
n 
2310 
« 
it 
ii 
it 
ti 
it 
it 
,1500 
i i  
,1500 
it 
it 
i i  
it 
it 
it 
,1500 
it 
» 
it 
» 
it 
it 
,1450 
ti 
it 
h 
h 
it 
ti 
it 
P max 
(calculated) Mg chloro. Mg chloro. 
gross mg "a"/m3 "a"/m3 
C/m2/hr (observed) (calculated) 
216.00 48.0 — 
209.25 46.5 — 
245.25 54.5 — 
202.50 45.0 *• 
220.50 49.0 — 
263.25 58.5 — 
211.50 47.0 — 
155.25 34.5 — 
182.25 40.5 «— 
177.75 39.5 — 
213.75 47.5 
243.00 54.0 — 
180.00 40.0 — 
222.75 49.5 — 
258.75 57.5 « 
186.75 41.5 « 
148.50 33.0 — 
153.00 34.0 — 
150.75 33.5 
166.50 37.0 -» 
240.75 53.5 « 
139.20 32.0 — 
178.35 41.0 — 
265.55 61.0 « 
160.95 37.0 •» 
134.85 31.0 
145.73 33.5 —» 
126.15 29.0 
163.13 37.5 -
Table 14 (Continued). 
Light intensity 
Sta- at p max 
Date tion f.c. ly/min 
July 29 
July 30 
Aug. 3 
Aug. 10 
9 2310 .1450 
1 2310 .1450 
2 it it 
3 it it 
4 » tt 
5 it ti 
6 it » 
7 it it 
8 it i i  
9 it it 
1 2300 .1500 
2 ti ti 
3 ii ti 
4 ti it 
5 it ti 
6 it it 
7 ti it 
8 it it 
9 it tt 
2 1 2300 .1500 
3 ii it 
4 n it 
5 it it 
6 it tt 
7 M ti 
8 it tt 
9 it tt 
P max 
(calculated) Mg chloro. Mg chloro. 
gross mg "a"/m3 "a"/m^  
C/m5/hr (observed) (calculated) 
197.93 
165.30 
130.50 
143.55 
574.20 
150.08 
128.33 
132.68 
110.93 
130.50 
213.75 
155.25 
146.25 
168.75 
229.50 
200.25 
141.75 
193.50 
130.50 
195.75 
182.25 
175.50 
108.00 
128.25 
144.00 
150.75 
186.75 
45.5 
38.0 
. 30.0 
33.0 
'132.0 
34.5 
29.5 
30.5 
25.5 
30.0 
47.5 
34.5 
32.5 
37.5 
51.0 
44.5 
31.5 
43.0 
29.0  
43.5 
40.5 
39.0 
24.0 
28.5 
32.0 
33.5 
41.5 
Table 14 (Continued). 
» » « . a , . . P max 
Light intensity (observed 
Sta- at P max gross mg 
Date tion f.c. ly/min C/m'/hr 
Aug. 12 
Aug. 17 
Aug. 18 
1 1750 .1138 — 
2 it II — 
3 i i  tl — 
4 » M — 
5 « tt — 
6 ti It — 
7 » II — 
8 « 11 — 
9 it II — 
1 2300 .1500 -
2 tt it — 
3 it tt — 
4 it i i  — 
5 i i  » — 
6 it tt — 
7 i i  ti — 
8 it it — 
9 it ti — 
1 2300 .1500 — 
2 H ii — 
3 IT it — 
4 tl it — 
5 It ti — 
6 II ti — 
7 II ti — 
8 tt it — 
9 II ti -
P max 
calculated) Mg chloro. 
gross mg "a"/m3 
C/m^ /hr (observed) 
Mg chloro. 
"a"/m3 
(calculated) 
192.89 56.5 
148.51 43.5 — 
134.85 39.5 --
143.38 42.0 
119.49 35.0 — 
128.03 37.5 — 
141.68 41.5 --
121.20 35.5 — 
122.90 36.0 — 
175.50 39.0 — 
182.25 40.5 — 
193.50 43.0 —» 
150.75 33.5 — 
162.00 36.0 —» 
191.25 42.5 — 
175.50 39.0 — 
177.75 39.5 
164.25 36.5 —1 
191.25 42.5 — 
189.00 42.0 — 
193.50 43.0 — 
245.25 54.5 — 
225.00 50.0 — 
202.50 45.0 — 
162.00 36.0 — 
159.75 35.5 -
198.00 44.0 -
Table 14 (Continued). 
P max P max 
Light Intensity (observed) (calculated) Mg chloro. Mg chloro. 
Sta- at P max gross mg gross mg ,"an/m3 , "a"/m3 
Date tion f.c. ly/min C/m3/hr C/m3/hr (observed) (calculated) 
Aug. 20 
Aug. 24 
Aug. 25 
1 2300 .1500 — 198.00 44.0 w 
2 « n — 184.50 41.0 — 
3 « h — 227.25 50.5 — 
4 n » - 195.75 43.5 — 
5 H h — 164.25 36.5 » 
6 h ii  — 184.50 41.0 — 
7 » » — 164.25 36.5 — 
8 h h — 193.50 43.0 «— 
9 h ii  — 193.50 43.0 — 
1 2300 .1500 — 198.00 44.0 
2 » i i  — 261.00 58.0 — 
3 » i i  — 247.50 55.0 -
4 » i i  — 225.00 50.0 « 
5 H i i  — 171.00 38.0 — 
6 » i i  — 189.00 42.0 #— 
7 « « — 211.50 47.0 — 
8 h ii  — 180.00 40.0 — 
9 n i i  — 288.00 64.0 «-
1 2300 .1500 — 218.25 48.5 --
2 n i i  — 236.25 52.5 --
3 i i  h  — 292.50 65.0 — 
4 i i  i i  — 243.00 54.0 — 
5 h ii  — 191.25 42.5 -
6 h ii  — 216.00 48.0 ** 
7 i i  i i  — 213.75 47.5 — 
8 i i  i i  — 243.00 54.0 — 
9 » i i  — 209.25 46.5 -
Table 14 (Continued). 
P max P max 
Light intensity (observed) (calculated) Mg chloro. Mg chloro. 
Sta- at P max gross mg gross mg "a"/m5 "a"/m3 
Date tion f .c. ly/min C/m3/hr C/m3/hr (observed) (calculated) 
1 2300 .1500 — 157.50 35.0 — 
2 H H — 184.50 41.0 — 
3 it H — 159.75 35.5 — 
4 H i i  — 162.00 36.0 •— 
5 » it — 141.75 31.5 — 
6 » ii — 164.25 36.5 — 
7 » ii — 159.75 35.5 — 
8 « H — 146.25 32.5 — 
9 H ii - 153.00 34.0 -
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measured or accounted for must be treated as constants. The 
use of this formula involves the assumption of a constant 
photosynthesis-respiration ratio and a constant photosynthe-
sis-chlorophyll-light relationship (P = 30) although both of 
these are variable quantities. In several instances, Imax 
was assumed to be .1500 ly/min., a figure arrived at by aver­
aging all known light intensities of other days. Some error 
was introduced here on the days in which this average figure 
was employed. Table 15 (column 6) indicates the percentage 
of difference between actual productivity values and values 
calculated by the formula, for days in which direct compari­
sons could be made. There was small percentage difference 
(10% or less) on six of the nine dates, which indicated that 
the formula for estimation was adequate on most occasions. 
On June 11, June 25, and July 17, wider percentage differ­
ences occurred. An unusually low measured productivity rate 
relative to amount of chlorophyll present obviously created 
most of the difference on June 25. On June 11, a slightly 
higher than average measured productivity rate compared with 
a slightly lower than average chlorophyll quantity probably 
accounted for most of the difference on that date. On both 
of the June dates, the light at the depth of maximum photo­
synthesis was considered about optimum. On July 17, light 
at Pmax was considerably less than that which was considered 
optimum (about 2300 f.c. optimum compared to about 1570 f.c. 
Table 15.. Calculated chlorophyll-based productivity rates, and percentage 
differences between actual and calculated productivity rates at 
Station 4, Clear Lake, Iowa, in 1959 
P max P max 
Mg chloro. Gross mg (calculated) (observed) 
"a"/m3 C/hr/mg gross mg gross mg Percentage 
Date (observed) chloro."a" C/m3/hr C/m3/hr difference 
June 3 • 48.8 5.85 297.34 285.42 4.2# 
June 11 37.6 6.09 161.30 229.17 29.6 
June 25 34.9 2.72 148.67 95.00 56.5 
June 30 86.0 1.82 142.67 156.67 8.9 
July 1 70.8 2.69 171.83 190.42 9.8 
July 13 44.5 4.45 206.52 198.13 4.2 
July 14 46.5 4.89 215.81 227.50 5.1 
July 15 58.0 4.22 269.18 244.79 10.0 
July 17 36.4 4.00 111.49 145.83 23.5 
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at Pmax on July 17). Both productivity rate and chlorophyll-
estimated crop were relatively low on this day, which might 
be expected, but enough non-relativity of the three vari­
ables (light, productivity rate, and standing crop) existed 
to give 23*5% difference between actual and calculated pro­
ductivity rates. 
It was expected that the formula would give highly er­
ratic results during phytoplankton blooms. This seemed to 
be true. On June 30, quite close agreement between a meas­
ured and calculated value was achieved with the formula, 
largely due to the very small amount of light available on 
that particular day. On July 30, however, under "normal" 
light conditions, an extremely heavy bloom at Station 4 
yielded a productivity rate way out of line with other rates 
on the same day at stations in which a bloom was not present. 
This calculated rate undoubtedly was much too high. 
The production per unit of chlorophyll "a" was computed 
for the summer of 1959 in. Clear Lake (using observed values 
only) and found to vary from 1.82 during a bloom to 6.09 
(Table 15, column 3). The average was 4.08 mg C/hr/mg chlo­
rophyll "a". There was a slight indication of density de­
pendence, though the scatter of the points was fairly great. 
Weber (I960) found similarity in the productivity per milli­
gram of chlorophyll "a" in pure cultures of several species 
of algae, and indicated that chlorophyll "a" content of 
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natural communities might be a good index of productivity at 
the depth of optimum light intensity. He figured an average 
of 4.87 mg C/hr/mg chlorophyll "a" in Clear Lake (as com­
pared to 4.08 of the author), but indicated this figure 
might have been somewhat too large because of incomplete 
pigment extraction. Ryther and Yentsch (1957) found a rela­
tively constant 3.7 mg C/hr/mg chlorophyll "a" at optimum 
light intensity in a marine environment. The ratio deter­
mined at Clear Lake did not appear so constant, perhaps be­
cause of nutrient limitation and light effects on surface 
chlorophyll during the summer months. Steele and Baird 
(1961) obtained values of around 1.1 to 2.1 mg C/hr/mg chlo­
rophyll in both pelagic and coastal areas of the sea through 
the months of June, July, and August. Holmes (1958), how­
ever, found different rates per unit of chlorophyll "a" in 
a natural marine environment, depending upon the productiv­
ity rates of the communities per se ; thus, those communities 
having a high productivity rate yielded about 7 mg C/hr/mg 
chlorophyll "a", while those with lower rates yielded around 
2 mg C/hr/mg chlorophyll "a". Manning and Juday (1941) 
found an average rate of 6 to 7 ml Og/hr/mg chlorophyll in 
Lake Mendota, Wisconsin, which roughly equates to 3.25 to 
3.8 mg C/hr/mg chlorophyll, and Ichimura and Aruga (1958) 
indicated that eutrophic lakes generally had chlorophyll-
based productivity rates of about 8 ml O^/hr/mg chlorophyll 
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(roughly 4.3 mg C/hr/mg chlorophyll), as opposed to oligo­
trophia lakes, whose productivity approximated 4 ml Og/hr/mg 
chlorophyll (about 2.16 mg C/hr/mg chlorophyll). 
Though the existing literature seems to indicate no 
uniformity of opinion, it is thought that chlorophyll-based 
productivity rates at the level of optimum light intensity 
would be an adequate means of following the productivity of 
Clear Lake from season to season and year to year. Because 
of the possible physiological and morphological differences 
of the cells during blooms, plus the horizontal and vertical 
patchiness of the overall population during the blooms, pro­
ductivity values would not be representative if taken while 
a bloom was in evidence, however. 
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ZOOPLAHTON 
Materials and Methods 
Standing crop and species composition 
The same sampling stations were used for the zooplank-
ton samples as for the phytoplankton samples. Three or four 
of the nine east end stations were randomly selected each 
collection trip, and samples were taken from surface to bot­
tom at one-meter intervals at each selected station. Four­
teen trips were made in I960, from June through August. Six 
liters of water from each depth were strained through a 
plankton net of #25 silk bolting cloth, and to this concen­
trate was added a small amount of formalin. Back in the 
laboratory, each sample was made up to 200 ml with water in 
a graduated cylinder, the cylinder was inverted several 
times to insure as random distribution as possible, and rep­
licate one milliliter allquots were drawn out and counted in 
a Sedgewick-Rafter chamber, using 100X magnification. In 
all cases, the entire chamber was scanned, and zooplankton 
organisms enumerated by major groups. Identification of spe­
cies was done concurrently with enumeration of the groups. 
After the counts were completed, calculations were made to 
give number of organisms per liter of water. 
Homogeneity of dispersal of major groups was examined 
2 — 
each collection day. The statistic s /x was used as a 
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coefficient of dispersion to estimate the variability of 
distribution of natural populations having different mean 
values. On any one collecting day, for example, the number 
of rotifers at each depth at each station was totaled, and 
a mean and sample variance obtained. The ratio of the vari-
p 
ance to the mean was then obtained (s /x). In a Poisson 
distribution, s /x approaches unity, and any departure from 
unity becomes a measure of dispersion. To be significantly 
g 
different from unity (Barnes and Marshall, 1951), s /x must 
be greater (or less) than one by the quantity: 
Gomita and Comita (1957) suggest that significance of devia-
The quantity given by Barnes and Marshall was used in the 
present study. All major groups (rotifers, cladocerans, 
copepods, and nauplius larvae) were treated in a like manner 
for each collection day. If the ratio was not significantly 
different from unity, the counts followed the Poisson dis­
tribution and the organisms were considered randomly distrib­
uted. If the variance of a series of counts exceeded their 
where : n = number of samples. 
tiens of s^/x from unity can be tested according to the 
equations 
X 2 = (n-l) s2/x 
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mean by the quantity formulated above, the organisms were 
assumed to have a bunched, or clumped, distribution, called 
superdispersion by Comita and Camita (1957). If the vari­
ance was less than the mean by the prescribed amount, the 
organisms were considered very evenly spaced, or infradis-
persed (0omita and Comita, 1957). 
In instances where superdispersion occurred, the data 
were further broken down to try to pinpoint the depth at 
which the clumping occurred, if in truth this was the case. 
With each splitting of the data, however, degrees of freedom 
were lost, and the analyses at each depth suffered in pre­
cision. In cases of extreme superdispersion at any depth 
in Clear Lake, though, the analyses were critical enough to 
show this phenomenon. The fewer the samples, the greater 
the percentage classed as randomly distributed populations, 
at the expense of super- and infradispersion. Comita and 
Comita (1957) also found that the statistic s /x varies 
with population density (possibly linear) and with volume of 
the sample (though no definite relationship could be estab-
p 
lished). Barnes and Marshall (1951) noted that while s /x 
was sensitive to detecting aggregation, it could not detect 
certain skewed distributions; hence, they suggested series 
of Neyman or Thomas to show contagion, or the fact that the 
presence of a particular individual in a given region in­
creases the probability of other individuals being present. 
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As with s /x, when the population density was low, or the 
number of samples few, the distribution tended toward the 
Poisson. At high population densities the contagion series 
probably fit the data more closely than the Poisson, indi­
cating a clumping tendency of the organisms at these densi­
ties. 
With the Clear Lake data, the mean values and variances 
were calculated from only four to nine values (depending on 
the date of collection and stations sampled). When the data 
were broken down into individual depths, only three or four 
values were available. The smallness of some of these sam­
ples obviously resulted in calling too many of the popula­
tions randomly distributed. However, it was felt justifi­
able to attempt to detect aggregation on the basis that sam­
pling variation often is ascribed to non-random distribution 
of the organisms, and any insight into distribution proper­
ties would be better than merely assuming randomness. 
Vertical movement 
On June 14-15, July 6-7, and July 26-27, Station 7 and 
the west end were sampled at all depths every four hours 
throughout a 24-hour period, to ascertain whether there was 
any daily vertical movement of zooplankters. Techniques of 
collection and counting were identical to those employed in 
the daytime collections throughout the summer. The method 
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of Pennak (1943) was used to show diurnal movements at Sta­
tion 7. Briefly, cumulated numbers of organisms at each one-
meter depth from surface to three meters were arranged in a 
vertical column for each sampling time. Then the data were 
subdivided into quartiles, the first quartile being from the 
surface to the depth at which 25i° of the total number of 
organisms was found, the second quartile from the lower 
depth of the first quartile to "the depth at which another 
25i° of the organisms was found, and so on until the fourth 
quartile was established. 
Standing Crop 
The highest standing crops of rotifers and cladocerans 
in the main body of the lake were noted in early June, the 
lowest in latter June (Figs. 23 and 24). Actually, this may 
have been mostly artifact due to an unavoidable change in 
plankton nets after the June 7 sample. Samples were strict­
ly comparable from June 10 to the last sampling date in 
August, however. In the west end, standing crops were quite 
variable with each collection, but almost always higher than 
comparable crops from the main body of the lake. Copepod 
populations, including their nauplius larvae, showed much 
variation throughout the summer, also, though the total 
counts seldom approached those of the cladocerans (Figs. 25 
and 26 ). 
£(383.3) 
r 
250 
oc 
3200 
ce 
lU 
CL 
< 1 5 0  
LU 
U_ 
h-
o 
^ 100 
50 
o 
o 
A 
A o 
A 
o O 
o o 
A 
O EAST END OF LAKE 
A WEST END OF LAKE 
ICE COVER 
JUNE JULY AUG. SEPT. OCT NOV DEC. JAN. FEB. MARCH APRIL 
Pig. 23. Mean number of rotifers per liter of water in the east and west 
ends of Clear Lake, Iowa, in 1960-61. Values for October, March, 
April, and May represent data from a single collection at 
Station 1. 
A(27I6.4) 
" 
A(l366.5h 
° (758.3) 
A(I023.2) 
500-
tr 
LU 
h-
QC. 
UJ 
CL 
cn 
z 
< 
cr 
UJ 
o 
c Cj  
<  
—I 
c_> 
400 
300k 
2001-
o 
A 
A 
A (706.66) 
° EAST END OF LAKE 
A WEST END OF LAKE 
100- o 
o 
Oo O 
ICE COVER 
0l JUNE JULY AUG. SEPT. OCT NOV DEC JAN. FEB. MARCH APRIL 
Fig. 24. Mean number of cladocerans per liter of water in the east and west 
ends of Clear Lake, Iowa, in 1960-61. Values for October, November, 
March, April, and May represent data from a single collection at 
Station 1. 
r~ 
en 
LU 
CL 
UJ 
CL 
CO 
LU 
{-
Q 
O 
CL 
UJ 
CL 
O 
O 
O 
Z 
< 
ir, 
O 
o 
CL 
LU Q. 
O 
O 
I— 
_J 
z> 
Q 
< 
200k 
5QL 
100-
50r 
O EAST END OF LAKE 
A WEST END OF LAKE 
A 
A 
A 
A 
o 
A 
ICE COVER 
01 _L 
JUNE JULY AUG. SEPT OCT. NOV DEC. JAN. FEB. MARCH APRIL 
Fig. 25. Mean number of adult copepods and copepodites per liter of water 
in the east and west ends of Clear Lake, Iowa, in 1960-61. Values 
for October, November, March, April, and May represent data from 
a single collection at Station 1. 
5200L 
t-
cr. 
w 
o. 
û. 
z» 
< 
z 
o 
o 
CL 
UJ 
CL 
O 
O 
Ci 
Z 
150k 
A 
o 
I00h A 
50-
0 
A 
o EAST END OF LAKE 
A WEST END OF LAKE 
V) 
A ICE COVER 
°b o 
o I 
A 
o 
_ L .  JJ 
JUNE JULY AUG. SEPT OCT NOV DEC. JAN. FEB MARCH APRIL 
Fig. 26. Mean number of copepod nauplii per liter of water in the east and 
west ends of Clear Lake, Iowa, in 1960-61. Values for October, 
March, April, and May represent data from a single collection at 
Station 1. 
138 
The wide variance of the total number and the numbers 
of any particular group, or even species, of zooplankton in 
Clear Lake from collection to collection is not an unusual 
situation. Edmond s on (194-6) found highly variable numbers 
and no definite seasonal pulses in rotifer populations, 
while Bicker (1938b) found that some zooplankters have uni-
modal distributions (one maximum) and some bimodal (two max­
imums). Pennak (1953) mentions that various zooplankters 
range from no cycles to very sharp cycles, and from one to 
several per year. Langford (1938), Riley (194-7), and Deevey 
(1948), among others, in a wide assortment of environments, 
made note of a general seasonal cycle when total zooplankton 
was considered. Working with Daphnia obtusa, Slobodkin 
(1954-) remarked that it was extremely unlikely that these 
animals ever exist in an equilibrium state in nature, and 
D'Ancona (1953) remarked that the idea of homogeneous uni­
form distribution can no longer be sustained as a general 
thesis. 
It is well-known that standing crops differ in magni­
tude, depending upon the environment. In marine environ­
ments, numbers per given volume of water are quite often 
much less than in fresh waters. Harvey et al. (1935) found 
copepod nauplii ranging from about 1.7 to 7.6 animals per 
liter, adult copepods and copepodites from about 0.8 to 2.7 
per liter, and cladocerans and rotifers almost absent, over 
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the summer months. Clear Lake figures ranged many times 
higher than these. In a reservoir, Wright (1958) calcu­
lated from about 6 to 55 individual crustacean zooplankters 
per liter of water in September. No rotifers were tabulated. 
Comita and Anderson (1959) found up to about 205 Liaptomus 
ashlandi per liter in Lake Washington, a lake in early 
eutrophy. No other zooplankters were tabulated, which might 
have raised the total appreciably had they been counted. In 
Lake Salada Grande, Argentina, up to 1050 Moina sp. per 
liter were recorded (Olivier, 1952), which approximated some 
of the group totals found in Clear Lake. Coastal stations 
were found to have mean zooplankton crops four to eight 
times as great as pelagic stations, on a volume basis 
(Grainger, 1959); this possibly indicated that mean depth 
and factors modified by it were of considerable importance 
in regulating magnitude of standing crops. It appeared from 
the literature that the more eutrophic the aquatic environ­
ment was, the higher the numbers of zooplankton. On the 
basis of total zooplankton numbers, Clear Lake must be 
judged eutrophic, with the west end in a more advanced stage 
than the main body of the lake. 
Though population variations were large, no trends 
could be established for the cladocerans as a group in the 
west end, and, save for the possible maximum obtained in 
early June, the east end population appeared roughly static. 
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Rotifer populations in the east end appeared to build up 
slightly in late July and early August from a minimum in 
late June. West end populations were higher but more uni­
form, after the initial high on June 6. Perhaps the most 
striking relationships were observed between the adult cope­
pods (and copepodites) and their nauplius larvae, in both 
parts of the lake. In the early collections the nauplius 
larvae outnumbered the adult and sub-adult animals, but the 
ratio of one to the other decreased to approximately even 
numbers of each in mid-June. From this point on the number 
of adults and copepodites increased fairly steadily in rela­
tion to the numbers of nauplius, with the exception of the 
August 10 collection. Whether a second reproductive cycle 
was being initiated at this time is purely speculative. 
Aggregation 
The tendency of zooplankton to aggregate, or swarm, is 
probably most responsible for the patchy distributions noted 
by many workers (Edmondson, 1946; Hardy, 1955; Tonolli, 1958; 
and others) and is certainly a factor capable of affecting 
standing crop estimates. Gardiner (1931) noted that enumera­
tion error, errors due to non-constant collecting techniques, 
etc. were insufficient to account for the major part of the 
variations even between individual vertical net hauls, and 
suggested that the most likely reason for most of the 
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variation was the lack of uniformity in the distribution of 
the organisms themselves. in view of this variation, Ricker 
(1938) suggested that, at least over the pelagic region of 
a lake, a single central station sampled many times would 
indicate the average abundance of the pelagic zooplankton 
almost as precisely as the same number of collections taken 
at various points throughout the region. 
On June 6 and 7, the days of very high standing crop 
estimates in Clear Lake, definite superdispersion was noted. 
On June 6 both rotifers and cladocerans were superdispersed, 
and in both cases the bunching was very pronounced in sur­
face samples at three different stations. One-meter collec­
tions at the same stations showed random variation. On June 
7, rotifers, cladocerans, and copepods were superdispersed. 
The clumping of rotifers at the two-meter level at Station 2 
added greatly to the superdispersion encountered within this 
group. Clumping of cladocerans was most evident at the sur­
face and two-meter levels at certain stations. Copepods ap­
peared to be clumped heavily at Station 4, two-meter depth, 
while absent at certain other stations and depths. Most of 
the distributions calculated for the remainder of the summer 
were random, with a few bordering on infradispersion. This 
may have resulted partially from non-critical assignment of 
aggregation due to small sample size, however. 
In Cultus Lake, Sicker (1937) found Cyclops and copepod 
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nauplii infradispersed, Epischura and Bosmina randomly dis­
tributed, and Daphnia superdispersed. Langford (1938), us­
ing a plankton trap, found Diaptomus and Cyclops superdis­
persed in another fresh-water environment, however, and 
Epischura, Bosmina, and Daphnia randomly distributed. 
Comita and Comita (1957) found most immature copepod stages 
infradispersed, though they indicated this was probably due 
to the fact that the stages of the animals were considered 
separately. When the stages were lumped, many cases of 
superdispersion actually resulted. In a coastal marine en­
vironment, Brunei (1959) observed high volumetric density 
and random distribution of copepods, and high density but 
superdispersion of cladocerans and nauplius larvae. Anraku 
(1956), off the coast of Japan, showed definite superdisper­
sion of Oikopleura and total Copepoda. With this assortment 
of results, it becomes obvious that there is no set distri­
bution pattern for any group of zooplankton. This is prob­
ably true at the species level as well. Therefore, no set 
sampling scheme can be given that would apply to any group 
in all environments; rather, it appears that each environ­
ment must be investigated separately at all depths and all 
seasons to obtain the effects of aggregation on the standing 
crop estimates. 
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Species Composition 
From data compiled and compared for 27 Colorado lakes 
and 42 selected lakes in other parts of the world, Pennak 
(1957) observed that the great majority of limnetic communi­
ties are characterized at any one time by one numerically 
dominant species of copepod, one dominant cladoceran, and 
one dominant rotifer, in spite of cyclic population phenom­
ena of individual species, Of course, individual species 
change from one time of year to another, but Pennak main­
tains the picture is still remarkably simple from a species 
standpoint. From one to three copepods were always preva­
lent in the lakes studied, two to four cladocerans, and 
three to seven rotifers. Brooks (1956) noted that out of 
16 Kansas lakes, four of these had only one species of cla­
doceran, one had three species, six had four species, and 
one had six species. The data from Clear Lake support these 
findings (Tables 16 and 17). In the main body of the lake 
Cyclops bicuspidatus and Diaptomus sp. made up the entire 
population of copepods, as far as could be identified. 
Cyclops accounted for approximately 89% of the total. 
Daphnia pulex (59$) and Bosmina longirostris (41$) made up 
the cladoceran population in the main body of the lake in 
early June, but the Bosmina soon disappeared almost com­
pletely from the samples and Daphnia comprised about 92% of 
the population after that. The remaining Qfo was made up of 
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Table 16. Species composition of zooplankton in the east 
end of Clear lake, Iowa, 1960-61. Values re­
present mean number of organisms per liter, 
rounded to the nearest whole number. 
Rotifera 
Date 
cd 
o 
k cd 
cd 0) i—I 
o • H •p 
o A 0) cd 
A A -P k 
o m cd -d 
•H u cd 
u ® 3 
EH M o 
m 
cd •H 
rl 
r4 0> <V 
•P H 
cd 3 h O 0) O 
M o 
I 
s 
s 
td 
r-t fctlf 
-H 
S 
« 5 k 9 
cd H •H 
•H O •d d -• ,ti • o 
•H A P A H 
r—1 a a m -h 
•H o A 
Ph P4 
A 
CO 
cd 
pH (D H g <D 
n t) 
o O 
3 . d 
o A J| 
(ti co P 
h 0) pq o 
A 
00 
June 6 112 37 3 27 1 41 
June 7 121 43 2 23 38 
June 10 40 6 1 1 
June 14-15 17 3 2 
June 17 20 4 1 1 2 
June 22 9 3 5 
June 28 17 8 1 1 4 
July 6-7 59 16 2 4 2 13 
July 14 13 10 1 2 2 
July 18 28 8 1 5 
July 20 13 4 4 1 11 
July 26-27 92 36 1 11 18 31 
July 27 45 17 3 13 14 
August 2 30 18 1 8 
August 5 41 23 5 2 1 22 
August 8 28 17 7 2 15 
August 10 9 3 3 6 
August 22 13 4 6 1 4 
Sept. 10 11 6 1 9 14 
Oct. 22 3 1 
Nov. 19 
March 30 8 1 2 1 1 
April 22 4 11 8 2 
May 18 10 17 3 12 2 1 6 
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Table 16 (Continued). 
Date 
Cladocera 
A 
m 
M 
• 0) a) cd 01 
A H •H g 2 
m 3 d cd O ti H P jq •p CO P cd 
m P cd O H ti cd cd H ri p P G •H •d S 3 
ti' 
d) 
o G o O ti o 
nd •H •H P o o 
> P k +9 cd cd g 
a) 0) d) •H A •3 
o A O H A P at 
•H g 
•d 3 cd 0) H ri P <D •H 
o 43 g 
H 43 m O •H o M m 
m 
•H 
m j 
S 
o 
A 
Copepoda 
•H 
•H 
•H 
•d 
ri 
•H CQ 
£ 
cd cd 05 
cd fo •d S 
rl o C0 •H g 
S <d P p o 
O o O 01 -p 
•H •p i—1 s P 
•d P O o cd 0) 0) b •H •H 
A A o 43 A 
A 
03 
June 6 462 1 295 59 12 
June 7 292 243 63 10 
June 10 176 76 14 
June 14-
15 59 1 73 17 1 
June 17 201 2 1 23 1 58 3 
June 22 43 7 30 2 
June 28 31 1 1 46 11 
July 6-7 105 2 10 1 84 10 
July 14 139 3 2 7 2 79 4 
July 18 81 1 1 52 1 
July 20 95 2 2 3 45 3 
July 26-
27 245 12 1 4 4 2 33 7 
July 27 57 1 56 6 
Aug. 2 102 1 1 8 1 91 16 
Aug. 5 96 4 1 3 4 4 90 8 
Aug. 8 136 1 5 67 5 
Aug. 10 99 2 1 5 1 35 7 
Aug. 22 118 1 2 3 1 49 2 
Sept. 10 103 3 61 5 
Oct. 22 65 1 1 42 1 
Nov. 19 35 1 13 
Mar. 30 65 1 2 1 51 12 
Apr. 22 88 3 1 6 3 98 14 
May 18 205 2 3 8 2 70 20 
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Table 17. Species composition of zooplankton in the west 
end of Clear Lake, Iowa, I960. Values represent 
mean number of organisms per liter, rounded to 
the nearest whole number. 
June 
6 
June 
10 
June 
14-15 
July 
6-7 
July 
26-27 
August 
22 
Botifera 
Trichocerca spp. 170 31 42 45 59 31 
Keratella 
quadrata 71 15 9 12 19 9 
Keratella 
cochlearis 1 1 1 
Polyarthra 
trisla 28 11 6 16 2 
Filinia sp. 7 1 3 4 3 
Pompholyx sp. 4 10 
Philodina sp. 1 4 2 1 
Brachionus sp. 106 - 4 41 47 20 70 
Cephalodella sp. 
Cladocera 
Chydorus sp. 251 95 13 1 
2 
Daphnia pulex 272 106 6 71 53 67 
Ceriodaphnia 
reticulata 512 . 271 11 101 328 503 
Diaphanes oma 
brachyurum 7 4 4 1 12 3 
Simocephalus sp. 1 2 12 
Holopedium 
gibberum 117 40 1 12 26 20 
Bosmina 
longirostris 2220 824 139 293 598 98 
Polyphemus 
pedicula 2 2 
Leptodora kindtii 21 27 38 4 2 2 
Copepoda 
Cyclops 
bicuspidatus 26 47 20 137 113 125 
Diaptomus sp. 7 3 3 21 40 15 
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Bosmina. Diaphanosoma brachyurum, Leptodora kindtil, 
Holopedium gibberum, and Ceriodaphnia reticulata. The roti­
fers were represented by two species of Trichocerca (49$), 
Keratella quadrata (21#), Brachionus sp. (17#), Polyarthra 
trigla (9#)» Filinia sp. (3#), and rare occurrences of 
Pompholyx sp., Philodina sp. and Keratella cochlearis (l#). 
Species composition of the shallow west end further 
pointed up the fact that this isolated body of water was eco­
logically different from the main body of the lake. The co-
pepod species were the same, and in approximately the same 
relative abundance. The rotifer populations exhibited a 
switch in Brachionus and Keratella abundance. The two 
Trichocerca (42#) and Brachionus (32#) were the dominant spe­
cies, followed by Keratella quadrata (15#), Polyarthra 
trigla (7#), Filinia sp. (2#), and Gephalodella sp., 
Pompholyx sp. and Keratella cochlearis (3#). The cladoceran 
population showed the most marked difference. Bosmina 
longirostris was the dominant species, making up 58# of the 
population, followed by Ceriodaphnia reticulata (24#), 
Daphnia pulex (8#), Holopedium gibberum ( 3# ), and Diaphano­
soma brachyurum. Simocephalus sp., and Polyphemus pediculus 
(2#). Chydorus sp. appeared in some abundance in early June 
samples, but disappeared in later samples so that it made up 
only 5# of the total west end zooplankton over the summer 
period. 
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Daphnia puiez and Boamina longirostris have been found 
by other workers to occupy the same area although apparently 
not identical ecological niches. According to Brooks (1956), 
the fact that two different species of cladocerans are found 
in the same body of water should not imply that the two spe­
cies occupy the same niche. In the early Clear Lake samples, 
D. pulex and B. longirostris were found together in the main 
body of the lake in appreciable numbers, perhaps the latter 
disappearing in the later samples because of some competi­
tive disadvantage in this deeper environment. D'Ancona 
(1953) cited an example of transformation of a community 
after Lake Nemi in Italy had been lowered by drainage from 
34 to 12 meters average depth. The lake increased in eu-
trophism, and Daphnia. Diaphanosoma, Diaptomus, Keratella, 
Notholca, and Ceratium gave way to Bosmina and Brachionus. 
In Clear Lake, the relatively high Daphnia and Keratella 
populations of the east end give way to relatively high 
Bosmina and Brachionus populations in the shallower, richer 
west end. 
Factors Affecting Standing 
Crop and Species Composition 
As with phytoplankton, the factors of possible impor­
tance in regulating or influencing zooplankton standing 
crops are many. Because zooplankton is a level higher in 
the trophic pyramid than phytoplankton, many of the factors 
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affecting phytoplankton are of importance to zooplankton 
populations only indirectly. Also, a new series of factors 
presents itself. In this study, only the factors of possi­
ble direct consequence are considered individually, while 
others are merely mentioned. 
Food supply 
Obviously food supply is important to the zooplankton 
crop, possibly much as nutrient supply is to phytoplankton. 
Slobodkin (1954) found population size of Daphnia obtusa in 
controlled experiments linearly related to food supply; thus, 
no direct density effect was noted. Reproduction appeared 
extremely labile, and apparently was controlled by food sup­
ply, also. Grainger (1959) noted that propagation times of 
"herbivorous" plankters coincided with abundance of phyto­
plankton food, but there was only slight variation through­
out the year and no concentrated period of reproduction in 
the case of "carnivorous" plankters. Many investigations 
have been carried out with regard to zooplankton grazing on 
phytoplankton, but it is generally believed that the phyto­
plankton standing crops are the entities affected by this 
relationship. As Pennak (1946) hypothesized, food material 
does not appear to be a limiting factor for total natural 
zooplankton populations. Edmondson (1957) warned that too 
broad an outlook may be deceiving, however. Just because 
150 
much phytoplankton is present is no real indication that 
much food is available for all species. Generally, filter-
feeding cladocerans can take a fairly large size range of 
food (1-2/i to 10-15/I in diameter), but bloom algae (Ana-
baena, Aphanizomenon, and Gleotrichia, for example) may be 
largely unavailable as food because of its tendency to clump 
or be found in large bundles or gelatinous matrices. Hence, 
even during a bloom, food supply may be fairly critical to 
some zooplankton. 
Though little work of this sort has been done with 
fresh-water copepods, Marshall and Orr (1955) have experi­
mented with Calanus finmarchicus and found that it may be 
partially selective of food. Selectivity may be a factor 
to consider, then. With rotifers, size of food capable of 
being utilized appears to be correlated with the type of 
mastax in each species (Edmondson, 1957). Keratella, for 
example, with a malleate mastax, can handle only small par­
ticles a few microns in diameter, while Polyarthra, with a 
pumping mastax, is capable of sucking out the soft interiors 
of larger prey. 
The ability to utilize other food besides phytoplankton 
is perhaps a great competitive advantage for one species 
over another. Detritus, dissolved organic matter, and bac­
teria have all been considered as possible important food 
items for various zooplankters (Gellis and Clark, 1935; 
151 
Pennak, 1946; Olivier, 1955; Edmondson, 1957; and others). 
The factor of food supply may not be one as simple as 
it outwardly appears, on the basis of the above researches. 
Fluctuations in species composition due to food supply could 
presumably be quite common even in short time periods but go 
undetected because of too infrequent collections, enumera­
tion of total zooplankton or measurements of total volume, 
and possibly a host of other confounding factors such as 
aggregation, differential reproduction, competition, etc. 
Competition 
It is unusual to find more than one species in the same 
genus in a limnetic community at the same time. When two 
species do occur together, one is usually twenty or more 
times as abundant as the other. The relative abundance of 
Keratella quadrata and Keratella cochlearis pointed up this 
fact in Clear Lake. Frank (1957), in controlled experiments, 
showed that Daphnia pulicaria apparently caused the extinc­
tion of Daphnia magna in mixed-species cultures, the major 
competitive effect being increased male production in the 
latter species. Mass culture experiments emphasized that in 
competition between natural populations of these species, 
numbers of ephippia rather than active individuals may be 
more significant. 
Competition occurs among different genera as well as 
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among different species of the same genus. Frank (1952) 
noted that when Daphnia pulicaria and Simocephalus vetulus 
were maintained separately, neither species ever approached 
extinction, although differences in relative stability of 
numbers seemed to exist. In mixed populations, however, 
Simocephalus invariably died out, while Daphnia assumed be­
havior characteristic of a single-species culture even be­
fore complete elimination of the other species. In both 
single-species and mixed cultures, population fluctuations 
have been shown to be markedly affected by a number of con­
ditions related to density. Brooks (1956) stated that inter­
specific associations and competition may not be important 
in limiting natural distribution of cladocerans, as eatih of 
the 41 species collected was able to live in association 
with two or more other species. Bight species were associ­
ated with twenty or more species in various habitats, and 25 
species with ten or more. No mention was made of possible 
changed competitive relationships in each new habitat, how­
ever. 
From the Clear Lake data, it was obvious that Daphnia 
pulex dominated the east end cladoceran population, though 
five other species were common enough to appear in the col­
lections at one time or another. The early June association 
of Daphnia and Bosmina longirostris, with a later substan­
tial decrease in number of the latter species, remains 
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largely unexplained. Either the two species were not ful­
filling the same niche, and the Bosmina disappeared because 
of intolerance to some other factor (perhaps physical) be­
sides competition, or the two were fulfilling the same niche 
and Daphnia, being the stronger competitor in the main body 
of the lake, gradually ousted Bosmina. 
The fact that Bosmina was the dominant species in the 
west end, with Daphnia in low abundance, suggested that the 
first hypothesis above might be true, or at least that an 
effect of environmental conditions on the competitive abil­
ity of the two species was operating, The higher numbers of 
Oeriodaphnia reticulata in the west end suggested that this 
species might fill a different niche than Bosmina. but pos­
sibly be in direct competition with Daphnia. 
Apparently Cyclops bicuspidatus and Diaptomus sp. do 
not fill exactly the same niche, though Cyclops was always 
the dominant copepod. The fact that Diaptomus was found in 
almost all of the collections, and in relatively steady 
(though low) abundance, lends support to this belief. 
It is interesting to speculate on the relative abun­
dance of rotifers in Clear Lake. Trichocerca spp. are 
equipped with a virgate (sucking) mastax, and are dominant 
in both the east and the west end. Polyarthra trigla is the 
only other rotifer of any importance in the total population 
that has a virgate mastax, and it makes up only 91» and 7# of 
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the east and west end populations, respectively. Competi­
tion for food between these two species is a possible expla­
nation for their relative abundance. Keratella quadrata and 
Brachionus sp. both have a malleate mastax, implying possi­
ble competition for food. The fact that these two subdomi­
nant rotifers were fairly common in both east and west end 
collections, and that one was most abundant in the east end 
while the other gained slight dominance in the west end, 
tended to discredit any supposition of direct competition 
for food as a primary factor affecting abundances. Environ­
mental differences were probably largely responsible for the 
shift in relative abundances, which might imply competitive 
advantage of one species over the other on the basis of 
something else besides food. 
Water temperature 
Water temperatures are no doubt important in regulating 
seasonal abundances of zooplankton, but they might also be 
important in influencing species composition of a lake or in 
regulating magnitude of standing crops over short time peri­
ods in rapidly fluctuating environments. Temperature dif­
ferences probably exert their effects mainly by modifying 
the physiological responses of individual organisms, such as 
reproductive rate. They are not considered to have much 
direct effect on population size. 
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Most experimental work has been done with Daphnia. 
Slobodkin (1954-) noted Daphnia obtus a populations were 
higher at 14° C (57.2° F) than at 20° C (68° F), and Pratt 
(1943) found the mean population size of Daphnia sp. at 
18° C (64.4° F) was about two and one-half times as great 
as that at 25° C (77° F). The population development at 
25° G (which approximates the summer temperatures of Clear 
Lake) proved oscillatory in nature, much as the Clear Lake 
populations, while the development at 18° C showed one major 
peak followed by decrease and virtual stabilization at a 
fixed population density. Analysis of the oscillation dis­
closed that it was due to a delay in the expression of the 
effects of population density upon birth and death rates. 
Birth rate at 25° C was an inverse function of population 
density, while at 18° C the effect of density was similar 
but less severe. Also, mortality at 25° C was, in general, 
a function of population density, while at 18° it was little 
affected by density conditions. 
Whether the above experimental results apply in the 
natural environment is not known. Brooks (1956) collected 
from a wide assortment of natural habitats and discovered 
that the greatest number of species of cladocerans were in 
the temperature range 22° to 30° C. This covers the summer 
temperature range in Clear Lake in I960, both east and west 
end. Daphnia pulex and Bosmina longirostris were found to 
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be eurythermal, so their distribution differences in Clear 
Lake presumably were not due to subtle temperature differ­
ences. Ceriodaphnia reticulata appeared stenothermal, sur­
viving between 22° C (71.6° P) and 26° C (78.8° F). It was 
not thought that temperatures were the factor responsible 
for the sizeable numerical differences between the east and 
west ends of Clear Lake, with regard to this species, how­
ever. 
It is thought that temperature plays an exceedingly 
important role in copepod distribution and activity, limit­
ing many species to very restricted regional areas (Pennak, 
1953). Probably those species most tolerant to wide temper­
ature ranges are the common species of most cosmopolitan 
distribution. Temperature may be a big factor in limiting 
the copepod population of any one lake to one or two spe­
cies, also. 
Rotifers in general are limited only by very hot- or 
very cold-water environments, but little work has been un­
covered as to species requirements. 
Miscellaneous 
Light and inorganic nutrients of course are important 
for the production of phytoplankton crops which eventually 
serve as food for zooplankton. Olivier (1955) even found 
direct correlation between chloride content of water and 
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total zooplankton. Cladocera seemed to show an inverse cor­
relation, and total zooplankton was limited by 3»5 mg chlo­
ride/liter of water. There also appeared to be some rela­
tion between sulfates and zooplankton. 
Bagotzkie and Bryson (1953) found some correlations be­
tween currents in Lake Mendota and the distribution of adult 
Daphnia, and McNaught and Easier (1961) found Daphnia highly 
aggregated in foam lines and roll vortices, and on the lee­
ward side of important shoal areas (by horizontal conver­
gence), in Lake Mendota. Wiborg (1955) found zooplankton 
distribution related to currents and other hydrographie con­
ditions in the Norwegian Sea. A windstorm over western Lake 
Erie, by producing water movements in reverse of the usual 
direction, reversed the usual tendency in the horizontal 
variations in Cyclops and Diaptomus populations (Andrews, 
1948). It is reasonable to believe that winds of lesser ve­
locity probably produce similar but less striking variations 
in the horizontal distribution of zooplankton, though Olivier 
(1952) found zooplankton not affected by the wind in Laguna 
Salada Grande, Argentina. If in truth wind effects are im­
portant, the problem of standing crop estimation is intensi­
fied by another variable. 
The time interval between feedings may affect age-size 
frequency distribution and total number of animals in a pop­
ulation, according to Slobodkin (1954). In controlled 
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experiments, populations fed every six days rather than 
every two days had a larger number of animals and smaller 
mean size per animal. 
Though pH itself is probably not a governing factor in 
ecological distribution of ploimate rotifers, it has been 
used by many workers as an index for predicting what species 
might be present. Certain species seem to be definitely 
alkaline-water species (above pH 7), others acid-water spe­
cies. The greatest majority, however, are still grouped as 
transcursion species, or those species found in both acid 
and alkaline conditions. Brachionus and Pilinia, both found 
in Clear Lake, are alkaline genera, while the others in 
Clear Lake are probably transcursion species. 
D'Ancona (1953) suggested that the relative stability 
of the lake planktonic community depended upon the size of 
the lake under consideration, and the degree of its trophism. 
The larger and the less eutrophic the lake, the more plank­
ton population stability there seemed to be. If this were 
universally true, Clear Lake would be expected to have fair­
ly unstable phytoplankton and zooplankton populations, and 
in fact this seems to be the case. By the same analogy, the 
west end should be more unstable than the east end, and evi­
dence found in this study, plus that of Small (1959), seems 
to indicate this is true. 
Prédation probably affects zooplankton abundance and 
distribution, also, but was not measured in Clear Lake. 
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Vertical Movement 
Vertical movement plots, using the method of Pennak 
(1943), were not conclusive at Clear Lake when calculated 
from the data of any one sampling run. The sample size at 
each time period was probably too small in most cases to 
adequately represent certain groups, and the fact that major 
groups were treated as units rather than being broken down 
by species undoubtedly confounded the results. The possi­
bility does exist, however, in view of the shallowness of 
the lake, that no vertical drift really was present. The 
data for total cladocerans in the June 14—15 and July 6-7 
collections (Pig. 27) gave a slight indication of a drift 
toward the surface in the evening and night, but the July 
26-27 collection did not corroborate this evidence. On this 
occasion, the trend toward the surface occurred in the mid­
dle of the afternoon and the trend downward in the middle of 
the night, the opposite of what would be expected. The 
shifts either way were never more than one and one-half 
meters, and usually about one-half to one meter. Since the 
samples were taken only at each meter depth, these slight 
shifts may have been artifacts. Fairly sizeable numbers of 
cladocerans were tabulated at each sample depth, so the 
often misleading results from small sample sizes were prob­
ably not met with in this instance. 
When cladoceran data from the three 24-hour collection 
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Fig. 27* Vertical migration quartiles plotted for the 
total cladoceran population in Clear Lake, Iowa, 
for three separate 24-hour periods and one 24-
hour period using combined data, in I960 
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dates were lumped, no real indication of a nocturnal drift 
toward the surface and a drift toward the bottom at midday 
was noticed (Fig. 27). The plot has several peaks and 
troughs seemingly incongruous with the expected trend, and 
these are for the most part unexplainable. The dashed line 
in the plot indicates a period of heavy rainfall, and, as 
might be expected, the populations moved from the surface 
toward the lower depths at this time. The other oscilla­
tions might have occurred simply because the data from three 
different dates (and thus three different sets of environ­
mental factors and interactions) were lumped and plotted on 
the same scale. There is no reason to believe a population 
must move only a set vertical distance each 24—hour period, 
or be at a certain depth at any particular time on each day. 
Actually, it would seem most illogical if this were the case, 
due to changing characteristics of the environment, and the 
population itself, with the passage of time. 
Wells (i960) noted that all zooplankton species identi­
fied in Lake Michigan, a much deeper lake than Clear Lake, 
of course, showed some degree of vertical migration. 
Daphnia retrocurva (cyclomorphic phase of D. pulex?) and 
Bosmina longirostris preferred the upper layers at all times, 
and actually exhibited little vertical migration. As these 
were dominant species in Clear Lake, this might be a signif­
icant point. McNaught and Easier (1961) found relatively 
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limited but significant vertical migration of Daphnia in 
lake Mendota. Cyclops bicuspidatus exhibited strong migra­
tion tendencies toward the surface at night in Lake Michigan 
(Wells, I960), but no conclusive trends in Clear Lake could 
be established. No vertical migration could be found with 
the total rotifer population, either. 
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PHYTOPLANKTON-ZOOPLANKTON RELATIONSHIPS 
General 
Many phytoplankton species are food for zooplankton 
species. Accounts of zooplankters controlling phytoplankton 
crops in both marine and fresh-water environments by grazing 
are common in the literature (Marshall et al., 1934; 
Fleming, 1939; Riley and Bumpus, 1946; Riley et al., 1949; 
Beklemishev, 1955; Kutkuhn, 1958; Wright, 1958; Comita and 
Anderson, 1959; and others). 
Though phytoplankton-zooplankton relationships in the 
natural environment can not be predicted without fail from 
laboratory observations, this method of attack has gained 
great favor in recent years (Fuller and Clarke, 1936; 
Pennington, 1941; Rodina, 1946; Gauld, 1951; Bainbridge, 
1953; Marshall and Orr, 1955; Gushing, 1958a, 1958b; Holmes, 
1958; Williams and Pickering, 1961; and others). The use of 
radioactive tracer materials has permitted considerable re­
finement in measuring grazing rates. 
It was thought that a controlled grazing and assimila­
tion experiment, using a common Clear Lake zooplankton spe­
cies that was allowed to feed on a selected phytoplankton 
species labelled with radioactive phosphorous (P*^), might 
shed some light on phytoplankton-zooplankton relationships 
in Clear Lake. 
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Materials and Methods 
Adult Daphnia sp., obtained from the General Biological 
Supply Company in Chicago, were used as the test animals for 
the grazing experiment. As Daphnia pulex was a major zoo­
plankton species in Clear Lake, the use of Daphnia sp. as a 
representative zooplankter was considered justifiable. The 
food and feeding habits of various cladocerans (especially 
daphnids) were reviewed in the literature (Gellis and Clark, 
1935; Easier, 1937; Lefevre, 1942; Rodina, 1946; Davis, 
1954; Ryther, 1954; Van Heyningen, 1954; Edmondson, 1957; 
and Williams and Pickering, 1961) so that a suitable phyto­
plankton species might be selected as the food organism. 
Chlamydomonas sp. was the organism selected, largely on the 
basis of its small size and motility. Pure cultures were 
obtained from the Department of Botany. 
The procedure followed in the grazing experiment per­
formed in this study was essentially that given by Johnson 
(i960), though some modifications were made. Twenty-eight 
glass bottles of 250 ml. capacity were used in this experi­
ment. Eleven contained 200 ml. of modified Chu #10 solution 
(Gerloff et al., 1950), 10,000 Chlamydomonas cells per ml., 
32 
and 0.1 microcurie of P (not carrier-free) per ml. Elevfen 
others contained 200 ml. of modified Chu #10 solution, 
32 50,000 Chlamydomonas cells/ml., and 0.1 microcurie of P / 
ml. Six contained 200 ml. of Chu #10 solution, no 
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Chlamydomonas cells, and 0.1 microcurie of P-^/ml. Radio­
activity was injected into all bottles at approximately 1900 
hours on June 3, 1961 and the bottles were placed in wire 
racks that were suspended in a large tank of water so that 
they were about three-fourths submerged below the surface. 
Air was bubbled through the water in the tank to create some 
turbulence to jostle the bottles and thus approximate natu­
ral water movement in the lake. Light and temperature were 
not regulated artificially, but were found to vary little 
during the run of the experiment (light was about 300 foot 
candles and temperature varied between 57° and 58° F). 
At 0700 hours, June 4-, approximately 625 Daphni a were 
placed into 25 of the 28 bottles (about 25 per bottle). The 
Daphnia were a bit difficult to transfer from their original 
container, and not always were exactly 25 put into each bot­
tle. Also, some died before the experiment was terminated. 
In no case was the number per bottle below 21 or above 26 at 
the end of the experiment, however. One of the eleven bot­
tles with 10,000 Chiamydomonas/ml., one with 50,000 Chiamy-
domonas/ml., and one of the six bottles with no Chlamydomo­
nas were given no Daphnia; these three bottles were used as 
controls to check the consistency of radioactive counts per 
bottle for the duration of the experiment. 
Three hours after placing the Daphnia in the bottles, 
five of the bottles were removed from the racks. Two of 
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these bottles were from the set containing 10,000 Chiamydo-
monas/ml. and 25 Daphnia, two from the set with 50,000 
Chlamydomonas/ml. and 25 Daphnia, and one from the set con­
taining no Chlamydomonas and 25 Daphnia. The Daphnia from 
one of the bottles out of each of the first two sets (25 
Daphnia from a 10,000 Chiamydomonas/ml. bottle and 25 from a 
50,000/ml. bottle) were transferred to separate beakers con­
taining a suspension of carmine particles. These Daphnia 
were allowed to graze on the carmine particles for one hour, 
to clear their digestive tracts of unassimilated radioac­
tive Chlamydomonas. They were then removed from the carmine 
suspension, placed on separate millipore filter discs, 
heated for one minute at 200° F to evaporate any excess wa­
ter, weighed, and counted under a thin window Geiger-Muller 
tube. Counts obtained from these Daphnia were considered to 
be from radioactivity assimilated by each animal. These 
counts did not include radioactivity of unassimilated food 
still in the digestive tract. Each disc with 25 Daphnia 
(usually) was counted at a constant distance from the G-M 
tube (three-eighths of an inch), and no corrections for self-
absorption or backscattering were thought necessary. The 
Daphnia from the other three bottles of the original five 
removed from the racks were not placed in the carmine sus­
pension, but were simply removed from their respective bot­
tles, washed profusely with distilled water, placed on three 
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separate millipore filter discs, heated, weighed, and 
counted as above. The radioactivity counted from these 
three groups of animals thus represented that which was 
assimilated and that which had been ingested and was still 
in the gut. The activity of the 25 Daphnia from the bottle 
with no Ohlamydomonas represented the activity that was tak­
en in directly from the Chu #10 solution or was adsorbed to 
the animals, and was a fairly rigid control for the Daphnim 
grazing in the algae cultures that did not have their in­
testinal tracts cleared in the carmine suspension. This 
activity was a less rigid control for those Daphnia that had 
been placed into the carmine suspension. Lack of test ani­
mals made it impossible to run more rigid controls on those >•. 
animals with their digestive tracts cleared. 
> • » 
The above process was repeated at six hours, twelve 
hours, eighteen hours, and twenty-four hours, using the re­
mainder of the bottles in lots of five (as above) at each 
time period. Also at each time period, two milliliter sam­
ples from each of the three bottles containing no Daphnia 
were evaporated and counted, to keep a check on the amount 
of available radioactivity at each time period. Due to the 
relatively short time required for the completion of the 
•zo 
experiment, no corrections were made for decay of the P . 
"52 Non-carrier-free P was used, to cut down on loss of radio­
activity from sticking to glassware and possibly adhering to 
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large inorganic molecules in the Chu #10 solution. 
Results 
The uptake and assimilation of radiophosphorous by 
Daphnia sp. is illustrated in Pig. 28. Daphnia grazing.on 
Chlamydomonas cultures showed marked uptake and assimilation 
•*2 
of Py after the sixth hour of grazing, while Daphnla held 
in bottles with no algae cells showed no large increase. 
The gradual trend of increasing activity with time in the 
latter case was undoubtedly due to a slow increase in 
taken in and assimilated directly from the Chu #10 solution. 
Turnover time (the time required to reach an equilibrium be­
tween the amount of radioactive phosphorous in the Daphnia 
and the radioactive phosphorous given off by the animals) 
differed, depending upon the concentration of Chlamydomonas. 
Turnover time was reached at about twelve hours in the 
50,000 cells/ml. bottles, and at about eighteen hours in the 
10,000 cells/ml. bottles. Johnson (i960), working with the 
fresh-water amphipod Byale11a azteca in low concentrations 
of Scenedesmus quadricauda (3000 and 5500 cells/ml.), found 
the reverse effect of algae concentration on turnover time. 
He observed about a 28-hour turnover time for animals in a 
3000 cells/ml. culture, and about a 32-hour turnover time 
for those in a 5500 cells/ml. culture. This reversal of ef­
fect was most probably due to the widely differing algal 
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radioactive (p32) Chlamydomonas cells by Daphnia sp. 
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quantities per milliliter of solution used in the two stud­
ies. The fact that different animals and different phyto­
plankton species were used probably had some effect, also. 
It seems logical to suspect that Daphnia feeding in a cul­
ture of 50,000 cells/ml. would ingest more cells per unit of 
time than Daphnia feeding in a culture of 10,000 cells/ml. 
Marshall and Orr (1955) found this to be true with Calanus 
finmarchicus. This might account for the quicker equilibra­
tion of radioactivity in animals feeding on 50,000 cells/ml. 
That those animals in the 10,000 cells/ml. bottles eventu­
ally achieved a higher uptake of P^2 than those in the 
50,000 cells/ml. bottles may or may not be significant. 
It was expected that the count rate of Daphnia with 
cleared intestinal tracts would continue to rise at each 
time period, as this was thought to be a measure of cumula­
tive assimilation of radioactivity. In the 10,000 cells/ml. 
bottles this occurred at least through the eighteenth hour. 
A slight drop in vount was recorded at 24 hours. Perhaps 
metabolic excretion accounted for this loss of radioactivity. 
Marshall and Orr (1955) found a 2-10# loss of P^2 the first 
day from metabolic excretion of Calanus. In the 50,000 
cells/ml. bottles, the count rate rose to the twelfth hour, 
then dropped off appreciably by the eighteenth hour, where 
it leveled off. Metabolic excretion may have been greater 
and gained significance earlier in this richer medium. 
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It should be noted that the Daphnia appeared to assimi­
late all the radioactivity ingested up to twelve hours 
(turnover time) in the 50,000 cells/ml. bottles, as the ani­
mals with cleared digestive tracts had almost the same rate 
of count per milligram of weight as the animals whose diges­
tive tracts were not cleared. This seems unrealistic. Per­
haps the animals not placed into the carmine suspension had 
evacuated their digestive tracts while being rinsed or 
weighed, though it was not evident that this was the case. 
After turnover time, the uptake exceeded the assimilation. 
In the bottles with 10,000 cells/ml., uptake exceeded assim­
ilation after about the fifth hour. At all time periods and 
at each concentration of Chlamydomonas, quite a high per­
centage of the food taken in was assimilated. Marshall and 
Orr (1955) found the same to be true with Calanus, and 
Johnson (I960) with Hyalella azteca. 
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SUMMARY 
1. The standing crops of phytoplankton (estimated by 
chlorophyll extraction) in the main body of Clear Lake, Iowa 
in the summer months (June, July, and August) of 1959 were 
approximately double those of the same months in 1958 and 
I960. The crops were higher in the west end of the lake 
than in the main body, with 1959 the year of the highest 
crop, I960 the lowest, and 1958 fluctuating between the two. 
2. Clear Lake was more eutrophic than most other 
aquatic environments to which it was compared. 
3. The standing crops were composed largely of five 
species of diatoms, two blue-green algae species, and a dino-
flagellate, when all seasons of the year were considered. 
Certain green algae were persistent in the collections, 
though never in very large numbers. 
4. Temperature and light differences among the summers 
studied might have caused some of the variation in yearly 
crops. Differences in transparency of the water (due to tur­
bidity), nutrient levels, and water levels possibly were fac­
tors, also. Depth of mixing of the water and total alkalin­
ity levels probably were not critical factors. 
5. When considered as monthly means in 1959 and I960, 
the nine stations in the main body of the lake were not dif­
ferent with regard to their surface phytoplankton crops. In 
the west end, there appeared to be an interaction between 
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months and stations with regard to the crops. Even though 
no monthly differences were apparent by analysis of the var­
iance of monthly means, there may have been differences in 
horizontal distribution on any particular day. 
6. Vertical distribution of phytoplankton in the main 
body of the lake appeared to be homogeneous. In the west 
end, in 1959, no vertical distribution differences were de­
tected, but in I960 a significant difference was observed 
among depths. The west end generally appeared to exhibit 
heterogeneous distribution of phytoplankton with depth, upon 
examining individual samples. 
7. Differential production at various points and 
depths, different settling velocities and vertical diffusion 
of the phytoplankton, the sheltered location of the west end 
(which indicated reduced wind-mixing), and antagonistic ef­
fects of rooted vegetation on phytoplankton, were all con­
sidered as possible factors causing the west end populations 
to be heterogeneously distributed. 
8. Wind was thought to be the greatest influence on 
horizontal and vertical distribution in the main body of the 
lake. A method is described whereby phytoplankton popula­
tion shifts can be predicted adequately on the basis of to­
tal wind stress in the lake at the time of collection, pre­
vailing wind direction, and lake morphometry as it affects 
directional push of the phytoplankton by the wind. Four 
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conditions of wind effect on phytoplankton movement were 
distinguished on the basis of the above criteria: 1) little 
total stress (less than .45000 gm/cm/sec2, approximately) 
and fluctuating direction tended to create patchy conditions, 
in which all stations were more or less independent of one 
another, and standing crops reflected productivity condi­
tions at each station rather than immigrant populations from 
other areas of the lake ; 2) little total stress resolved 
toward one direction often resulted in surface blooms that 
drifted with the slight wind, and eventually piled up on the 
windward side of the lake; 3) much total stress (approxi-
2 
mately .45000 gm/cm/sec or more) and fluctuating wind direc­
tions mixed the population horizontally and vertically, so 
that no great differences in crops were found among stations; 
4) much total stress and unidirectional wind conditions 
mixed the populations vertically over each station, and also 
tended to concentrate phytoplankton down wind (though this 
was never obvious to the eye as in the case of surface 
blooms). 
9• Factors affecting relationships between standing 
crop and productivity were reviewed, and the relationships 
of these quantities were investigated at Clear Lake. In 
general, productivity rates calculated from chlorophyll and 
light data agreed favorably with observed productivity rates 
for the same time periods. 
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10. Zooplankton populations appeared high in early 
June, lower the remainder of the summer in both the east and 
west ends, though the numbers fluctuated widely from collec­
tion to collection. Wide fluctuations have been observed in 
other lakes besides Clear Lake. 
11. No trends in abundance could be established for 
most of the zooplankton. Numbers of nauplius larvae were 
high in the early samples, compared with numbers of adult 
copepods and copepodites; the relationship was reversed to­
ward the end of the summer, however. 
12. On June 6 and 7, the days of high total zooplank­
ton populations, superdispersion (clumping) of cladocerans, 
rotifers, and copepods occurred at certain depths and sta­
tions. Most of the distributions calculated for the remain­
der of the summer were random, with a few bordering on infra-
dispersion (very even spacing). 
13» Daphnia pulex was the most abundant cladoceran, 
Cyclops bicuspidatus the main copepod, and two species of 
Trichocerca. Keratella quadrata. and Brachionus sp. the com­
mon rotifers in the main body of the lake in I960. In the 
west end, Bosmina longirostris was the dominant cladoceran, 
Cyclops bicuspidatus the common copepod, and Trichocerca 
spp. and Brachionus sp. the three abundant rotifers. 
14. Though zooplankton populations were generally high, 
factors such as food supply, competition, water temperature, 
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and possibly certain nutrients, wind, and lake morphometry 
might play a part in regulating the populations to some de­
gree . 
15. No real indication of vertical movement of any of 
the main zooplankton groups was noticed, though a slight 
nocturnal drift of cladocerans toward the surface might 
occur. 
16. An experiment is described whereby Daphnia sp. 
were allowed to graze for varying lengths of time on Chiamy-
domonas sp. cultures injected with radioactive phosphorous. 
An appreciable uptake and assimilation of radioactivity by 
the Daphnia was observed, indicating a possibly significant 
grazing effect. 
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APPENDIX A: WATER TEMPERATURE 
Date Surface Date Surface 
1959 temperature 
(°F) 
I960 temperature 
(®F) 
June 8 73.5 June 6 68.8 
June 16 76.6 June 7 69.2 
June 23 70.5 June 10 69.3 
June 26 73.6 June 13 66.4 
July 6 79.5 June 29 73.8 
July 7 75.0 July 5 73.3 
July 13 74.0 July 14 70.3 
July 14 74.4 July 18 74.4 
July 15 76.0 July 25 76.0 
July 20 77.5 August 2 80.1 
July 21 77.8 August 8 73.8 
July 22 78.6 August 10 70.1 
July 28 80.0 August 22 79.4 
July 29 80.7 
July 30 82.0 Mean 72.7 
August 3 80.0 
August 10 73.5 
August 12 76.0 
August 17 75.5 
August 18 78.0 
August 20 79.5 
August 24 80.2 
August 25 80.7 
August 28 82.0 
Mean 77.3 
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APPENDIX B: INCIDENT ILLUMINATION 
Relative 
incident 
Time ilium. 
Foot 
candlesa 
Relative 
incident 
Time ilium. 
Foot 
candles3. 
Wti July 21 
1000 400 7000 
June 21 1115 400 7000 
0930 250 4375 1215 400 7000 
1000 200 3500 
1200 380 6650 
1000 
July 26 
300 5250 
June 24 . 1100 300 5250 . 
0945 400 7000 ' 1200 350 6125 
1000 450 7875 
1130 475 8312.5 July 29 
26 
0950 250 4375 
June 1050 100 1750 
0940 300 5250 1150 370 6475 
1000 150 2625 
1200 350 6125 
1000 
August 
180 * 
1 
3150 
July 2 11-30 250 4375 
1000 200 3500 1215 400 7000 
1100 200 3500 
1200 240 4200 . 
1010 
August 
430 
8 
7525 
July 8 1115 400 7000 
1000 400 7000 1200 400 7000 
1115 450 7875 
1200 500 8750 
1000 
August 
160 
11 
2800 
July 15 1030 250 4375 
0945 330 5775 1100 330 5775 
1100 400 7000 1240 275 4812.5 
1200 450 7875 1300 340 5950 
July 16 August 15 
0955 300 5250 094-5 380 6650 
1110 90 1575 1030 450 7875 
1200 120 2100 1130 450 7875 
1215 475 8312.5 
: 1250 450 7875 
^Foot-candles were determined from relative illumina­
tion units, using the regression of Weber (i960). One rela­
tive illumination unit was equivalent to 17.5 foot-candles. 
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Relative Relative 
incident Foot incident Foot 
Time ilium. candles8. Time ilium. candles 
August 20 June 16 
1000 470 8225 1130 500 8750 
1100 175 3062.5 1150 500 8750 
1145 150 2625 1220 500 8750 
1230 400 7000 
June 19 
August 27 0930 200 3500 
0945 175 3062.5 1000 300 5250 
1030 200 3500 1030 270 4725 
1130 300 5250 1045 150 2625 
1230 300 5250 1100 100 1750 
1130 250 4375 
August 30 
1000 85 1487.5 June 23 
1100 190 3325 0930 90 1575 
1200 150 2625 1015 120 2100 
1300 200 3500 1030 230 4025 
1050 200 3500 
September 20 1115 220 3850 
1000 150 2625 1145 200 3500 
1030 100 1750 
1100 100 1750 June 25 
1130 120 2100 1000 460 8050 
1300 550 9625 
June 26 
1000 500 8750 
June 10 1300 550 9625 
0900 200 3500 
0930 185 3237.5 July 6 
0945 205 3587.5 1000 475 8312.5 
1015 150 2625 1300 550 9625 
1035 190 3325. 
July 7 
June 12 1000 425 7437.5 
1000 500 8750 1300 450 7875 
1045 500 8750 
1100 500 8750 July 13 
1000 440 7700 
June 16 1300 515 9012.5 
0930 400 7000 
1000 400 7000 July 14 
1015 450 7875 1000 425 7437.5 
1035 450 7875 1300 450 7875 
1055 400 7000 
1115 475 8312.5 
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Relative 
incident 
Time illum. 
Foot 
candlesa Time 
Relative 
incident Foot 
illum. candiesa 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
July 15 
415 
220 
July 20 
475 
520 
July 21 
300 
450 
July 22 
475 
500 
July 28 
310 . 
500 
July 29 
425 
410 
July 30 
375 
400 
August 3 
400 
460 
August 10 
475 
500 
August 12 
160 
90 
August 17 
480 
' 510 
7262.5 
3850 
8312.5 
9100 
5250 
7875 
8312.5 
8750 
5425 
8750 
7437.5 
7175 
6562.5 
7000 
7000 
8050 
8312.5 
8750 
2800 
1575 
8400 
8925 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
1000 
1300 
August 18 
475 
475 
August 20 
480 
500 
August 24 
450 
490 
August 25 
470 
485 
August 28 
475 
490 
8312.5 
8312.5 
8400 
8750 
7875 
8575 
8225 
8487.5 
8312.5 
8575 
September 12 
425 7437.5 
475 8312.5 
I960 
June 6 
1015 200 3500 
1050 230 4025 
1105 250 4375 
1225 400 7000 
1245 250 4375 
June 7 
1025 425 7437.5 
1100 425 7437.5 
1120 425 7437.5 
1200 425 7437.5 
1215 425 7437.5 
1235 425 7437.5 
1250 425 7437.5 
1305 425 7437.5 
1320 425 7437.5 
1400 400 7000 
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Relative Relative 
incident Foot incident Foot 
Time ilium. candles8. Time illum. candlesa 
June 10 July 5 
1105 200 3500 1315 475 8312=5 
1120 4-50 7875 1330 450 7875 
1130 4-50 7875 1355 475 8312.5 
114-0 250 4375 1435 450 7875 
1150 4-00 7000 
1210 200 3500 July 14 
1225 200 3500 1105 490 8575 
124-0 250 4375 1120 500 8750 
1315 225 3937.5 1135 475 8312.5 
134-5 190 3325 1200 475 8312.5 
1225 475 8312.5 
June 13 1240 450 7875 
1015 375 6562.5 1250 450 7875 
1030 225 3937.5 1320 480 8400 
1055 400 7000 1335 520 9100 
1105 450 7875 1440 400 7000 
1115 175 3062.5 
1125 500 8750 July 18 
114-0 400 7000 1105 475 8312.5 
1150 250 4375 1120 450 7875 
1200 350 6125 1140 450 7875 
1215 275 4812.5 1200 475 8312.5 
1220 450 7875 
June 28 1240 450 7875 
1015 205 3587.5 1305 450 7875 
104-0 205 3587.5 1315 475 8312.5 
1100 180 3150 1405 400 7000 
June 29 August 2 
1000 215 3762.5 0940 375 6562.5 
1015 290 5075 1000 490 8575 
1025 260 4550 1015 425 7437.5 
104-5 240 4200 1030 400 7000 
1055 250 4375 1050 210 3675 
1120 225 3937.5 1100 400 7000 
1205 225 3937.5 1120 375 6562.5 
1140 400 7000 
July 5 1205 425 7437.5 
1200 475 8312.5 1300 400 7000 
1210 480 8400 
1225 500 8750 
124-0 470 8225 
1255 500 8750 
1310 450 7875 
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Relative Relative 
incident Foot incident Foot 
Time ilium. candlesa Time ilium. candles' 
August 8 August 10 
1030 400 7000 1000 350 6125 
1040 350 6125 1015 425 7437.5 
1050 400 7000 1035 425 7437.5 
1105 400 7000 1055 450 7875 
1120 400 7000 1120 450 7875 
1130 400 7000 1140 450 7875 
1150 450 7875 1200 425 7437.5 
1210 . 475 8312.5 1210 450 7875 
1235 205 3587.5 1315 450 7875 
1325 320 5600 
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APPENDIX G: RELATIVE LIGHT TRANSMITTANCE 
Date, 
1959 
Percent light 
transmittance 
1/2 M 1 M 
Date, 
I960 
Percent light 
transmittance 
1/2 M 1 M 
June 12 19 .63 3 .42 June 7 32 .64 8 .32 
June 16 20 .11 3. 98 June 10 32 .29 5 .84 
June 23 27 .54 6, .57 June 13 32 .91 7 .29 
June 26 22 .13 4, .88 June 29 35 .45 10 .27 
July 6 23 .20 5, .56 • July 5 39 .94 10 .77 
July 15 21 .28 4. 27 July 14 33 .19 9 .76 
July 21 21 .55 4. 39 July 18 34 .84 10 .12 
July 29 25 .33 5. 52 August 2 27 .97 6 .66 
August 12 27 .13 6, .58 August 8 24 .41 5 .36 
August 17 24 .46 5. 28 August 10 23 .16 5 .44 
August 20 24 .13 5. 32 
August 25 20 .72 4. .11 Mean 31 .68 7 .98 
Mean 23 .15 5. ,06 
